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Section  I 

INTRODUCTION  AND  SUMMARY 


Phase  A  of  this  program  covered  the  first  year  of  the  contract,  beginning 
17  August  1970  (Ref.  1).  Phase  B  then  covered  the  period  from  13  August 
1971  through  17  October  1972  (Ref.  2).  This  Phase  C  final  report  describes 
work  carried  out  from  17  October  1972  to  the  time  of  the  partial  contract  ter¬ 
minations  and  the  subsequent  completion  of  this  final  report  on  30  March  1974.  i 
The  work  has  been  conducted  under  Contract  No.  F33615-71-C- 1003,  Project 
641  A,  by  Corporate  Research  and  Development  of  the  General  Electric  Com¬ 
pany  in  Schenectady,  New  York. 

Substantial  progress  has  been  made  in  the  development  of  superconducting 
devices,  infrared  sensors,  and  other  electronic  devices  dependent  upon  cooling 
at  cryogenic  temperatures.  Applications  of  these  devices  require  long-life, 
very  reliable,  cryogenic  refrigerators  that  are  compact  and  lightweight.  It 
is  therefore  appropriate  at  this  time  to  develop  reliable  cryogenic  turbo  re¬ 
frigeration  systems  suitable  for  space,  airborne,  and  ground  applications. 

The  elements  of  the  refrigeration  systems  program  are: 

•  Optimization  analysis:  reliability,  power  input,  weight,  size, 
and  cost 

•  Design  life:  30,  000  hours 

•  Fabrication  and  development  of  components 

•  System  tests:  performance,  environmental, 
tests 

•  Delivery  of  system:  installation,  operation, 

Performance  goals,  as  specified  in  the  contract. 

Characteristic  Refrigerator  A 

Load  at  temperature  3.  5  watts  at  5  ±0.  05°  K 

40  watts  at  50  ±0.  5°K 

2  00  watts  at  1 50  ±  2 .  0 0  K 
Maximum  input  power  goal  16.  0  kilowatts 
Maximum  weight  goal  250  pounds 


and  5000- hour  endurance 

and  instruction 
are: 

Refrigerator  B 
1.  5  watts  at  12  +j^q 

+0 

40  watts  at  60  ^  °K 

4.  0  kilowatts 
100  pounds 


During  this  reporting  period,  the  contract  was  changed  to  delete  Refrigera¬ 
tor  A. 
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Perspective  drawings,  approximately  to  scale,  of  the  complete  Refrigera¬ 
tor  B  cryosection  and  the  complete  compressor  system  are  shown  in  Figures 
1  and  2. 


12°  K  Refrigeration 
Station 


Multilayer 

Reflective 

Insulation 


Filter 


Turboalternator 
(Two  Turbine  Wheels 
on  One  Shaft) 


Filter 


Tubes  to  Compressor 
Subsystem 


60°  K  Refrigeration 
Station 


Bellows 

Section 


Heat  Exchanger 
Headers 


Cryogenic  Heat 
Exchanger 
Diameter:  11  Inches 


Outer  Wall, 

Vacuum  Vessel 
Diameter:  22  Inches 
Length:  55  Inches 


RDC  18176E 


Figure  1.  Refrigerator  Cryosection 
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AFTERCOOLER 

COOLANT 
MUET 


COOLANT 

OWLET 


CASING 

Diometer  27  inches 
length  28  inches 

IMPELLER 


GAS  BEARINGS 

TURBOCOMPRESSOR 
Diameter  10.6  inches 

MOTOR 


Figure  2.  Refrigerator  Compressor  System 

TYPES  OF  LONG-LIFE  REFRIGERATORS 


Three  types  of  refrigeration  systems  are  now  being  considered  by  the 
Air  Force,  particularly  for  their  performance  and  maintenance- free,  long¬ 
life  potential.  These  systems  and  their  principal  characteristics  are: 

•  Vuilleumier 

Positive  displacement 
Heat  power  input 
Reciprocating  seals 
Thermal  regenerators 
Oscillating  pressure 
Lack  of  valving 

Small  sealing  pressure  differences 

•  Rotary- Free  Piston 

Positive  displacement 
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Claude  or  reversed  Brayton  cycle 
Valving 
Gas  bearings 
No  sliding  contact 
•  Turbo  Refrigerator 

High-  speed  turbomachinery 

Claude  or  reversed  Brayton  cycle 

Gas  bearings 

No  sliding  contact 

No  valving 

Steady  pressures 

The  last  of  these  is  the  system  developed  under  this  contract.  This  par¬ 
ticular  type  of  turbo  refrigerator  has  all  rotating  components  suspended  on 
self-acting,  gas- lubricated  bearings.  The  elimination  of  sliding  contact  during 
steady  operation  avoids  the  wearout  failure  mode,  providing  the  potential  for 
maintenance- free,  long-life  operation. 

DESCRPTON  OF  TURBO  REFRIGERATORS 


Turbomachinery  is  adaptable  to  either  the  reversed  Brayton  cycle  or  the 
Claude  cycle  (Figure  3).  The  principal  components  are: 


Rejected  Heat 

n 


Revered 

Braytor 

Cycle 


Turbo  alternator 


Compreaaor 

Counterflow 
Heat  Exchanger 

Refrigeration  Load 


Two -Stage 
Reverted 
Brayton 
Cycle 


Figure  3.  Cycles  Suitable  for  Turbomachinery 


4 


•  Motor- compressor  at  ambient  temperature 

•  Cryogenic  heat  exchangers 

•  Cryogenic  turboalternators 

Energy  is  added  to  the  system  by  compressing  gas  at  ambient  temperature 
and  removing  the  heat  of  compression  from  the  refrigerant  gas  in  the  after¬ 
cooler.  The  gas  is  then  cooled  to  cryogenic  temperature  in  the  cryogenic 
counterflow  heat  exchangers.  Energy  is  removed  from  the  refrigerant  by  the 
cryogenic  turbines,  cooling  the  gas  and  dropping  its  pressure.  The  turbine 
mechanical  energy  is  converted  to  electrical  energy  by  the  cryogenic  alter¬ 
nator,  and  this  electrical  energy  is  used  or  dissipated  at  ambient  temperature. 
The  low-pressure,  cooled  gas  is  then  available  for  removing  heat  from  the  re¬ 
frigeration  load  and,  finally,  for  removing  heat  from  the  high-pressure  in¬ 
coming  gas  stream  in  the  cyrogenic  heat  exchangers. 

As  shown  in  Figure  3,  the  Claude  cycle  differs  from  the  reversed  Brayton 
cycle  only  in  the  addition  of  a  Joule- Thomson  valve  and  heat  exchanger.  Cooling 
through  a  Joule- Thomson  valve  to  produce  liquid  is  possible  only  at  tempera¬ 
tures  close  to  the  refrigerant  critical  temperature,  where  the  Joule- Thomson 
coefficient  is  above  zero. 

Characteristics  of  gas  bearing  turbo  refrigerators  are  summarized  as 
follows : 

•  Gas  bearings  avoid  sliding  contact,  providing  potential  for  long  life. 

•  Components  are  separable  (the  compressor  or  refrigeration  station 
can  be  remotely  located). 

•  There  is  essentially  no  vibration  at  the  position  of  the  refrigeration 
load. 

•  Input  power  is  conditioned  electrical  power  or  shaft  power  from  a 
mechanical  energy  source. 

•  Refrigeration  load  cooling  is  by  means  of  a  flowing  gas  or  liquid 
stream. 

•  Temperatures  of  4°K  or  lower  can  be  attained. 

•  Refrigeration  can  simultaneously  be  provided  at  more  than  one  loca¬ 
tion  and  at  more  than  one  temperature. 

•  Thermal  time  constants  are  large,  and  cold  sections  are  well  isolated, 
thermally,  from  warm  sections  (hence  slow  cooldown  and  slow  warmup). 

The  potential  for  long-life  turbo  refrigerators  is  most  attractive;  hence, 
the  following  recent  test  results  are  described.  A  high-speed,  partial  admis¬ 
sion,  axial  flow,  cryogenic  turbine- driven  alternator,  designed  and  built  by 
the  General  Electric  Company,  has  been  undergoing  an  endurance  test  in  the 
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General  Electric  Cryogenic  Refrigeration  Laboratory.  The  turboalternator 
is  being  continuously  operated  with  gaseous  nitrogen  above  100,  000  rpm,  with 
a  liquid  nitrogen  gas  supply  source.  It  is  intended  that  this  turboalternator 
be  operated  for  thousands  of  hours  at  room  temperature,  to  show  some  meas¬ 
ure  of  the  reliability  of  this  type  of  high-speed,  miniature,  gas  bearing  turbo¬ 
machinery.  To  date,  over  20,  000  hours  have  been  accumulated. 

M  ACCOMPLISHMENTS  UNDER  CONTRACT 

During  this  reporting  period,  the  design  of  the  refrigerator  system  was 
completed.  Also  during  the  time  period  covered  by  this  report,  the  principal 
components  were  further  designed  and  developed.  The  compressor  designs 
were  essentially  completed,  and  bench  tests  were  conducted  on  many  of  the 
critical  parts.  The  cryogenic  turboalternator  components  were  functionally 
tested  and  performance- tested.  The  cryogenic  heat  exchangers  were  developed, 
and  the  residual  problems  were  identified. 

CONTRACT  CHANGES 


The  contract  was  cut  back  in  a  series  of  steps;  finally  it  was  partially 
terminated,  leaving  only  some  of  the  data  items  to  be  completed.  The  first 
termination  notice  resulted  in  reducing  the  contract  to  a  component  develop¬ 
ment  effort. 

By  a  telegram  dated  17  January  1973,  Mr.  W.  E.  Boger,  Termination 
Contracting  Officer,  advised  General  Electric  Corporate  Research  and  De¬ 
velopment: 

Priority  termination  notice.  For  your  immediate  action  refer¬ 
ence  contract  F33615-71-C- 1003  Docket  #RC-248.  Subject  con¬ 
tract  is  hereby  partially  terminated  for  the  convenience  of  the 
Government  effective  immediately  upon  receipt  of  this  notice. 
Terminate  all  work  except  the  fabrication  and  performance 
testing  of  the  turbo  compressor /turbo  expander  and  cryogenic 
heat  exchanger  assembly.  Also  terminate  the  following  Data 
Items:  Sequence  #B006/B009/B011  and  B014.  Since  Sequence 
BQ06  (Test  Report)  is  being  terminated  the  data  acquired  from 
the  component  performance  testing  is  to  be  included  in  item 
Sequence  #B008  (Technical  Report),  Final  Phase  II.  Immediately 
stop  all  work/terminate  subcontracts  and  place  no  further  orders 
except  to  the  extent  that  you  or  subcontractor  wish  to  retain  and 
continue  for  own  account,  any  work  in  processes  or  other  mate¬ 
rials.  Telegraph  similar  instructions  to  all  subcontractors  and 
suppliers.  Confirming  copy  with  instructions  follows. 

The  above  data  items  are: 

B006  Test  Reports 

B008  Phase  B  Final  Technical  Report 
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B009  Test  Plan 

BOO  11  Interim  Technical  Report 

BOOH  Phase  C  Final  Technical  Report 

A  slight  modification  was  made  by  a  telegram  dated  23  January  1973. 

The  General  Electric  Corporate  Research  and  Development  was  advised: 

Priority  revision  to  termination  notice  reference  contract 
F33615-71-C- 1003.  Docket  Number  RC -248.  Termination 
notice  is  hereby  amended  to  reinstate  Data  Item  B014.  Also 
delete  the  sentence  "since  Sequence  No.  B006  (Test  Reports) 
is  being  terminated  the  data  acquired  from  the  component 
performance  testing  is  to  be  included  in  item  Sequence  No. 

B008  (Technical  Reports,  Final  Phase  II).  " 

Finally  the  turbomachinery  component  development  work  was  terminated 
by  another  notice.  By  a  telegram  dated  7  February  1973,  Mr.  W.  E.  Boger, 
Termination  Contracting  Officer,  advised  the  General  Electric  Corporate  Re¬ 
search  and  Development: 

Termination  notice  priority  action  for  your  immediate  action. 
Reference  Contract  Number  F33615-71-C-  1003.  Docket  Num¬ 
ber  RC-250.  Subject  contract  is  hereby  partially  terminated 
for  the  convenience  of  the  Government,  effective  immediately 
upon  receipt  of  this  notice.  Terminate  all  performance  testing 
of  the  turbocompressor  and  turbo  expanders.  Immediately 
stop  all  work,  terminate  subcontracts,  and  place  no  further 
orders  except  to  the  extent  that  you  or  a  subcontractor  wish 
to  retain  and  continue  for  your  own  account  any  work  in  proc¬ 
ess  or  other  materials.  Telegraph  similar  instructions  to  all 
subcontractors  and  suppliers.  Confirming  copy  with  instructions 
follows . 

This  notice  resulted  in  a  residual  order  of  priorities  of: 

1.  Complete  all  contract  data  items. 

2.  Manufacture  turboalternator  and  turbocompressor  parts. 

3.  Assemble  turboalternators  and  turbo  compressors. 

4.  Test  turboalternators  and  turbocompressors  functionally. 

5.  Complete  the  cryogenic  heat  exchanger. 

Finally  the  turbomachinery  development  work  was  completely  stopped. 
This  action  was  taken  as  a  result  of  a  telegram  dated  30  March  1973  .'rom 
Mr.  W.  E.  Boger,  Termination  Contracting  Officer : 

Priority  action  termination  notice  for  your  immediate  action. 
Reference  Contract  F33615-71-C- 1003.  Docket  Number  RC-257. 
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Subject  contract  is  hereby  partially  terminated  for  the 
convenience  of  the  Government  effective  immediately  upon 
receipt  of  thi-s  notice.  Terminate  all  contract  work  except 
the  heat  exchanger  and  the  following  Data  Items:  Sequence 
Numbers  B008/ BO  10/ BO  12/ BO  13/ BO  14/ BO  15  and  B016. 

Immediately  stop  all  work/ terminate  subcontracts  and  place 
no  further  orders  except  to  the  extent  that  you  or  a  sub¬ 
contractor  wish  to  retain  and  continue  for  own  account  any 
work  in  process  or  other  materials.  Telegraph  similar  in¬ 
structions  to  all  subcontractors  and  suppliers.  Confirming 
copy  with  instructions  follows. 

The  heat  exchanger  effort  was  not  terminated  because  it  was  being  de¬ 
veloped  by  a  subcontractor  under  a  fixed  price,  guaranteed  performance  con¬ 
tract. 
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Section  2 


TURBOCOMPRESSORS 


NTROOUCTION  AND  STATUS 


The  design  of  the  warm  section  of  the  refrigerrtor  was  completed  during 
this  phase  of  the  program.  A  final  layout  (Figure  4)  was  made  showing  the 
compressor  subsection  with  two- stage  Modules  A  and  B  and  related  equipi.  mt 
contained  within  the  leak- tight  dewar.  Final  design  of  the  majority  of  the  in¬ 
dividual  components  was  also  completed.  Vendor  proposals  on  the  heat  re¬ 
jection  system  and  the  aftercoolers  were  received,  but  no  action  was  taken  on 
these  proposals  because  initial  component  testing  did  not  warrant  obligating 
contract  funds  during  this  period. 

The  majority  of  the  hardware  required  to  build  the  first  two -stage  com¬ 
pressor  module  has  been  manufactured.  Initial  assembly  had  begun  before 
the  work  stoppage  resulting  from  contract  changes.  In  addition,  the  majority 
of  the  hardware  for  the  closed  cycle  test  loop  was  finished,  and  assembly  of 
the  test  facility  piping  and  valving  was  done.  No  instrumentation  had  been 
included  in  the  test  stand  facility  when  the  work  was  stopped. 

A  major  problem  that  arose  during  the  period  involved  the  manufacture 
of  the  thrust  bearings  for  the  compressor  modules.  Generating  pockets  in 
the  surface  of  tungsten- carbide- coated  thrust  bearings,  1  mil  deep  to  toler¬ 
ances  of  ±0.000075  inch,  required  considerable  effort.  Electrical  discharge 
machining  and  ion  etching  were  both  considered  and  evaluated  on  sample 
pieces.  Both  methods  proved  unsuccessful;  they  both  failed  to  produce  a 
pocket  finish  or  uniformity  that  was  acceptable.  The  thrust  bearing  pockets 
were  finally  ground  on  a  jig  grinder,  using  special  holding  fixtures  and  ex¬ 
tremely  small  diamond  wheels.  The  results  of  this  grinding  were  satisfac¬ 
tory  and  proved  to  be  more  economical  than  originally  anticipated. 

An  analytical  and  experimental  study  of  the  effects  of  temperature  on  the 
journal  and  thrust  bearings  was  conducted.  Due  to  the  temperature,  nonuni¬ 
formities  along  the  compressor  shaft  and  thrust  bearing  runner  were  pre¬ 
dicted.  Corrective  design  steps  were  taken  to  minimize  these  predicted 
distortions. 

As  a  result  of  the  design  analysis  and  distortion  test,  the  need  to  con¬ 
duct  closely  monitored  tests  when  the  gas  bearings  were*  first  installed  be¬ 
came  apparent.  It  was  therefore  decided  to  perform  gas  bearing  tests  using 
Module  B  compressor  parts  as  a  gas  bearing  simulator,  prior  to  initiation 
of  complete  compressor  assembly  testing.  A  gas  bearing  simulator  test 
facility  was  designed  and  manufactured.  Assembly  was  just  beginning  when 
work  was  stopped  due  to  contract  changes. 
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REQUIREMENTS 

'  e 

The  design  performance  requirements  fc**  the  compressors  and  the  de¬ 
sign  and  development  philosophy  were  described  in  detail  in  the  Phase  A  final 
report.  A  summary  of  that  work  is  presented  below.  Many  computer  runs 
were  made  to  evaluate  the  suitability  of  various  types  of  compressors  (centrif¬ 
ugal  and  regenerative)  and  the  effects  of  such  variables  on  the  number  of 
compressor  stages. 

The  established  requirements  for  the  complete  compressor  system  are 
shown  in  Figure  5.  Some  of  the  overall  selected  or  derived  parameters,  such 
as  the  number  of  stages  and  various  efficiencies,  are  also  listed.  By  properly 
proportioning  the  pressure  rise  for  each  stage  to  fill  the  projected  stage  effi¬ 
ciencies,  the  speed  and  induction  motor  power  were  kept  approximately  equal 
for  both  modules,  thus  allowing  the  use  of  identical  shafts,  motor  parts,  and 
bearing  parts. 

The  use  of  two  modules,  of  two  stages  each,  was  selected  for  several 
reasons: 

•  A  single,  simple,  axial  path  is  provided  for  each  inlet. 

•  Motors,  shafts,  and  bearings  can  be  of  identical  design  for  both 
modules. 

•  Impeller  thrusts  can  be  largely  counterbalanced  by  the  mating  im¬ 
peller. 

•  Similar  impellers  and  scrolls  can  be  used. 

•  The  number  of  bearing  assemblies  is  minimized. 

•  One  stage  per  module  would  greatly  increase  the  weight,  control 
problem,  and  costs. 

•  More  than  two  stages  per  module  greatly  increases  the  complexity 
of  analysis,  design,  and  manufacturing. 

Necessary  features  for  the  compressors  included: 

•  Capability  of  operating  at  any  attitude  from  0  to  3.  0-g  loads 

•  Capability  of  normal  operation  after  experiencing  15- g  loads,  not 
operating 

•  All  material  selections  capable  of  30,  000-hour,  continuous  opera¬ 
tion  life 

•  Material  selections  compatible  with  low  contamination  requirements 
of  refrigeration  system  and  nuclear  radiation  environments 


Figure  4.  Final  Layout 


•  Gas  bearings  capa:  le  of  stable  operation  within  complete  ranges  of 
speeds,  pressures,  and  temperatures 

•  High-speed  motor  stresses  compatible  with  long  design  life 

•  Compact  rotor  design 

•  Adequate  motor  cooling 

•  Capability  of  many  start- stop  cycles 

•  Low  input  power  to  the  compressor: 

High  aerodynamic  efficiency 

High  motor  electromagnetic  efficiency 

Low  bearing  and  windage  parasitic  losses 

•  Compressor  stage  and  stages  in  series  operation  with  comfortable 
surge  margins 

•  Complete  compressor  system  operation  10  percent  on  either  side  of 
the  design  point 

•  Low  rotating  assembly  weight  for  high  critical  speed 

•  Low- weight  impellers  to  reduce  the  overhung  mass  for  high  critical 
speed 

•  Compact  arrangement  to  reduce  weight  and  size 

CENTRIFUGAL  COMPRESSOR  DESIGN  POINT  COMPUTER  OUTPUT 
DESIGN  CASE  5331021001 


OVERALL  COMPRESSOR  PERFORMANCE 


INLET  TEMPERATURE  (K) 
INLET  PRESSURE  (ATM) 
OUTLET  TEMPERATURE  <K> 
OUTLET  PRESSURE  (ATM) 
PRESSURE  RATIO 
FLOW  (G/SEC) 

SPEED  (RPM) 

AMR I  ENT  TEMPERATURE  (K) 
INPUT  POWER  (KW) 

NUMBER  OF  MODULES 
CONDI T-C0NTR0L  EFFICIENCY 
NUMBER  OF  STAGES 
OVERALL  EFFICIENCY 


331.1 
0.3212 

335.0 
0.6650 
2.0  70 
2.848 
0.9100E+05 

322.2 
3.978 
2.000 

0.9200 

4 

0.4157 


CR-3101 


Figure  5.  Requirements  for  Complete  Compressor  System 
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Desirable  features  include: 

•  Minimum  development  effort 

* 

•  Low  seal  leakages 

•  Reasonable  manufacturing  costs 

•  Minimum  number  of  stages  for  low  cost  and  high  reliability 

•  Low  impeller  stress  levels  to  use  low- strength  materials 

•  Stationary  impeller  outer  shroud,  to  minimize  the  impeller  stress 
levels 

•  Minimum  axial  thrust  for  low  total  bearing  losses 

•  Convenient  design  arrangement  for  ease  of  assembly  and  disassembly 


Using  the  requirements  listed  in  Figure  5  (inputs  relating  to  bearing  and 
electrical  performance  and  losses)  and  considering  the  necessary  and  desirable 
features  listed  above,  many  component  and  system  analyses  and  computer 
runs  were  completed.  The  summary  program  results  for  both  modules 
(Module  1  and  Module  2  for  Modules  A  and  B,  respectively)  are  shown  in 
Figure  6. 


M0DULE  NO.  1 


PERFORMANCE 


STAGE  *0. 

INLET  TEMPERATURE  <R) 
INLET  PRESSURE  (PSIA) 
0UTLET  TEMPERATURE  <R) 
PRESSURE  RATI0 
ACCUM.  PRESS.  RATI0 
V0LUME  FL0W  (CFM) 

AER0  EFFICIENCY. 

SPECIFIC  SPEED 
AER0  POWER  <  HP ) 

ISENTR0PIC  HEAD  < FT) 
TEMPERATURE  RISE  <R> 

TIP  SPEED  (FPS) 

TIP  DIAMETER  UN) 

EYE  DIAMETER  (IN) 

HUB  DIAMETER  <IN> 

TIP  WIDTH  UN) 

C00LER  EFFECTIVENESS 
COOLER  PRESS.  DROP.  RATIO 
AFTERCOOLER  WEIGHT  (LBS) 


1 

596.0 
4.719 

675.7 
1  .221 
1  .221 
127.5 
0.6665 
0.4809E-01 
0.8780 
0 . 51 20E+0  5 
79.74 
1677. 
4.224 
1*486 
0.4973 
0.1056 
0.7598 
0.1400E-01 
1  .097 


2 

603.0 

5.760 

682.7 
1  .210 
1  .477 

105.7 
0.6459 

0.4472E-01 
0.8780 
0.4976E+05 
79.74 
1677. 
4.224 
1.427 
0.4920 
0.9706E-01 
0.7761 
0.1 400E-01 
l.UO 


CR-3101 


Figure  6.  Refrigerator  B  Compressor  Design 
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M0T0R  DESIGN 


ELECTROMAG.  EFF.  (FR>  0.9300 
DIAMETER  (IN)  *  1.681 
LENGTH  (IN)  1.331 
RADIAL  GAP  (IN)  0.2741 E-01 
PERI F .  SPEED  (FPS)  667.2 
M0T0R  POWER  OUTPUT  (HP)  2.371 
M0T0R  POWER  LOSS  (WATTS)  133.2 
CONDI T-C0NTR0LLER  LOSS  (W>  165.4 
CONDIT-CONTR.  IN.  POWER(KW)  2.068 

WINDAGE  POWER  LOSSES  (WATTS) 

JOURNAL  FREE  SHAFT  LENGTH  25.03 
MOTOR  ROTOR  GAP  5.375 
TOTAL  WINDAGE  LOSS  30.40 


GAS  BEARINGS  DESIGN 


THRUST  BEARING 
L0AD(L8S. ) 

OUTSIDE  DIAMETER(IN) 
DIAMETER  RATIO 
CLEAR.  TO  DIA.  RATIO 
LOAD  COEFFICIENT 
BEARING  NUMBER 
CLEARANCEjLOADSI DE( IN) 
FRICTION  P0WER( WATTS) 


4.963 
3.000 
0 . 60  50 
0.4410E-03 
0.1923 
21.48 
0 • 1 323E-02 
186.6 


JOURNAL  BEARING 
L0AD(LBS. ) 

LOAD  COEFFICIENT 
BEARING  NUMBER 
CLEAR.  TO  DIA.  RATIO 
MACHINED  CLEARANCE 
PIV.  FILM  THICK. (IN) 
FRICTION  P0WER( WATTS ) 


2.482 
0.31 65 
2.000 
0.2043E-02 
0.3372E-02 
0.1223E-02 
121  .3 


GAS  BEARINGS 

ROTATING  ASSY.  WEIGHT(LBS) 
ACCELERATION  OF  GRA VI TYC’G" > 
TOT.  BEARING  FRICTION( WATTS) 
SHAFT  LENGTH 


4.963 
1  .000 
429.3 
8.700 


CH-3101 


Figure  6.  Refrigerator  B  Compressor  Design  (Cont'd) 
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MODULE  N0 • 

2 

n 

1 

1 

PERFORMANCE 

1 

STAGE  NO. 

1 

2 

a 

INLET  TEMPERATURE  <R> 

603.0 

603.0 

1 

INLET  PRESSURE  (PSIA) 

6.971 

8.288 

I 

m 

OUTLET  TEMPERATURE  CR> 

676.5 

670.7 

1 

PRESSURE  RATIO 

I  .189 

1.171 

1 

} 

ACCUM.  PRESS*  RATIO 

1 .756 

2.056 

1 

VOLUME  FLOW  (CFM) 

87.34 

73.46 

5 

AERO  EFFICIENCY 

0.6383 

0.6326 

j 

SPECIFIC  SPEED 

0  *4361 E-01 

0 . 4282E-0 1 

AERO  POWER  (HP) 

0.8092 

0.7457 

ISENTROPIC  HEAD  CFT> 

0 .4532E+05 

0.4138E+05 

j 

TEMPERATURE  RISE  <R> 

73.49 

67.73 

TIP  SPEED  <FPS> 

1610. 

1  546. 

1 

TIP  DIAMETER  CIN) 

4.055 

3.892 

1 

I 

EYE  DIAMETER  UN) 

1.357 

1  .289 

HUB  DIAMETER  UN) 

0.4943 

0.4757 

| 

TIP  WIDTH  <IN) 

0.9050E-01 

0.8534E-0! 

1 

COOLER  EFFECTIVENESS 

0.761 6 

0.7465 

% 

i 

COOLER  PRESS.  DROP.  RATIO 

0.1  400E-01 

0.1  400E-01 

s 

AFTERCOOLER  WEIGHT  CLBS) 

1.104 

1  .0  50 

i 

MOTOR  DESIGN 

j 

ELECTROMAG.  EFF.  <FR> 

0.9300 

DIAMETER  UN) 

1  .681 

LENGTH  (IN) 

1  .238 

RADIAL  GAP  UN) 

0.2741E-01 

PERIF.  SPEED  (FPS) 

667.2 

| 

MOTOR  POWER  OUTPUT  (HP) 

2.191 

MOTOR  POWER  LOSS  <WATTS) 

123.0 

CONDI T-CONTROLLER  LOSS  <W> 

152.9 

CONDIT-CONTR.  IN.  POWER(KW) 

1  .91 1 

WINDAGE  POWER  LOSSES  (WATTS) 

JOURNAL  FREE  SHAFT  LENGTH 

33.60 

MOTOR  ROTOR  GAP 

5.998 

TOTAL  WINDAGE  LOSS 

39.60 

GAS  BEARING"  DESIGN 

THRUST  BEARING 

L0AD(LBS.) 

5.021 

OUTSIDE  DIAMETERUN) 

3.000 

DIAMETER  RATIO 

0 . 60  50 

CLEAR.  TO  DIA.  RATIO 

0.4410E-03 

CR-3101 

LOAD  COEFFICIENT 

0.1352 

Pigurf  .6.  Refrigerator  B  Compressor  Design  (Cont'd) 
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BEAK  I  MG  NUMBER  14*9  4 

CLEAKANCE*LOADSIDE< IN)  0.1 323E-02 

FRICTION  POWER!  WATTS)  186.8 


JOURNAL  BEARING 
L0ADCLSS.) 

LOAD  COEFFICIENT 
BEARING  NUMBER 
CLEAR.  TO  DIA.  RATIO 
MACHINED  CLEARANCE 
PIV.  FILM  THICK. (IN) 
FRICTION  POWER! WATTS > 


2.510 
0.2225 
2.000 
0.1 703E-02 
0.281  IE-02 
0.1223E-02 
124.5 


GAS  BEARINGS 

ROTATING  ASSY.  WEI GH  T! LBS) 
ACCELERATION  OF  GRA VI TYC'G" > 
TOT.  BEARING  FRICTION! WATTS) 
SHAFT  LENGTH 


5.021 
1  .000 
435.9 
8.700 


CR-3101 


Figure  6.  Refrigerator  B  Compressor  Design  (Cont'd) 


COMPRESSOR  SUBSYSTEM  DESIGN 


Figure  4  shows  the  final  design  concept  for  the  warm  section  of  the  re¬ 
frigerator.  The  outside  housing  and  baseplate  form  a  permanent  enclosure 
for  the  compressor  subsystem.  This  enclosure  is  vacuum-tight,  preventing 
any  helium  leakage  from  the  compressor  subsystem.  In  operation,  the 
housing  would  first  be  evacuated  and  then  the  compressor  subsystem  would 
be  charged  with  helium.  A  port  with  a  fine  filter  element  is  provided  on 
the  first -stage  inlet  line  for  intake  of  helium  from  the  housing.  This  housing 
volume  serves  as  an  accumulator  for  the  helium  gas  when  the  system  warms 
up  and  when  the  helium  pressure  rises.  The  filter  prevents  in-leakage  of 
particles  from  the  surrounding  volume.  The  principal  features  of  the  com¬ 
pressor  subsystem  are: 

•  Motor-  Compressor.  Two  separate  modules,  each  with  two  com¬ 
pressor  stages,  are  combined  in  series  to  produce  the  required  overall  pres¬ 
sure  ratio. 

•  Four  Aftercoolers.  These  aftercoolers  are  used,  following  the  indi¬ 
vidual  compression  stages,  to  remove  the  heat  of  compression  and  thereby 
reduce  the  required  work  input.  Complete  information  is  included  in  Section 
5.  "Heat  Rejection  System,  "  of  this  report. 

•  Helium  Ducts.  Made  from  1- 1/2- inch-diameter  aluminum  tubing, 
the  ducts  interconnect  the  compressor  stages.  Five- inch  radius  elbows  have 
been  designed  to  minimize  flow  distortion  and  eliminate  the  need  for  compres¬ 
sor  inlet  guide  vanes. 

•  Coolant  Manifolds.  These  two  manifolds  supply  the  coolant  to  the 
aftercoolers  and  to  the  compressor  modules,  for  heat  removal. 
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•  Dewar.  A  cylindrical  dewar,  28  inches  in  diameter  and  33  inches 
high  (with  a  hemispherical  end),  has  been  designed.  This  dewar  would  be 
made  of  aluminum,  with  a  3/ 16-  inch  wall  thickness,  and  would  be  leak- tight 
to  less  than  10"®  torr- liter /sec  with  helium. 

•  Baseplate.  This  aluminum  plate,  approximately  1  inch  thick,  has 
provisions  for  all  the  feedthroughs  required  by  the  compressor  subsystem,  in 
addition  to  a  leak- tight  joint  design  for  coupling  with  the  dewar. 

•  Seals.  All  external  joints  have  provisions  for  Viton  A  O- rings,  for 
sealing  during  development  testing.  All  of  these  joints  have  also  been  designed 
so  they  may  be  welded  for  a  final,  leak- tight  assembly. 


MECHANICAL  DESIGN 


As  discussed  in  the  Phase  B  final  report,  the  results  of  the  system 
designs  led  to  the  selection  of  four  centrifugal  stages  of  compression  and  a 
two- module  arrangement.  The  stages  are  arranged  in  series,  and  the  pres¬ 
sure  rise  is  essentially  equal  for  each  stage.  Each  module  was  therefore 
arranged  with  two  stages,  one  on  either  end  of  a  common  shaft,  with  an  identi 
cal  motor  centrally  located  in  each  module.  Figure  7  shows  Module  A, 

Stages  1  and  2.  Module  B  differs  from  Module  A  only  in  the  impeller  blading 
and  scroll  passage  details.  Thus  the  motor,  shaft,  bearings,  and  housing 
are  interchangeable  between  the  two  modules.  The  major  features  of  the 
individual  compressor  module  components  are  described  in  detail  in  the 
Phase  B  final  report. 


SHAFT 


Using  the  first  compressor  shaft  completed,  two  tests  were  run  to  de¬ 
termine  the  actual  shaft  stiffness.  The  initial  test  consisted  of  suspending 
weights  from  the  center  of  the  shaft,  which  was  supported  by  its  journal  on 
V- blocks.  The  deflection  resulting  from  the  weight  used  was  measured  with 
a  capacitance- type  sensing  probe. 


On  the  basis  of  the  data  obtained  from  that  test,  it  was  determined  that 
the  stiffness  of  the  compressor  shaft  was  2.  245  x  10®  lb- in.  compared  to 
an  El  =7.28  x  10®  lb-in.  2  used  in  the  original  design  of  the  shaft  and  bearings 
(where  E  =  Young's  modulus  [psi]  and  I  =  moment  of  inertia). 


The  original  design  data  were  reexamined  in  light  of  this  variation  in 
shaft  stiffness  to  determine  the  effect  on  the  compressor  design.  Using  El  = 
2.  245  x  10®  lb- in.  combined  with  the  original  design  data,  produced  a  first 
bending  critical  speed  of  61,  076  rpm.  This  speed  is  of  particular  concern 
because  it  falls  below  the  design  operating  speed.  A  rule  of  thumb  for  gas 
bearing  design  is  that  the  first  bending  critical  should  be  at  least  25  percent 
above  the  normal  operating  speed  for  stable  bearing  operation. 
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To  verify  that  the  shaft  stiffness  calculated  from  the  load-versus- 
displacement  test  was  valid,  a  more  reliable  test  was  devised.  The  shaft, 
with  an  accelerometer,  mounted  at  the  midpoint,was  hung  from  two  strings 
so  that  its  axis  was  in  a  horizontal  plane.  An  electric  coil  placed  near  the 
shaft  was  then  used  to  excite  the  suspended  shaft,  with  the  input  excitation 
controlled  by  a  variable- frequency  oscillator.  The  output  of  the  accelerom¬ 
eter  was  displayed  on  an  oscilloscope.  Figure  8  is  a  schematic  diagram  of 
the  test  setup. 

The  results  of  this  test  indicated  that  the  actual  bending  critical  speed  is 
156,  000  rpm,  rather  than  the  61,  076  rpm  computed.  The  shaft  stiffness  cal¬ 
culated  from  the  results  of  the  initial  static  load  deflection  test  was  invalid, 
and  determination  of  the  actual  stiffness  value  from  the  dynamic  test  results 
became  possible. 

Using  the  tiltingpad  bearing  selector  program,  JSELCT,  and  the  loading 
shown  in  Figure  9  to  calculate  the  first  bending  critical  speed,  iterations  varying 
the  shaft  stiffness  were  made  until  a  first  bending  critical  equal  to  156,  000 
rpm  was  calculated.  This  calculation  occurred  with  an  El  =  1.  5  x  10^  lb- in. 
This  value  is  approximately  double  that  originally  calculated. 


Oscilloscope 


Shaft 


Accelerometer 


Variable  Frequency 
Oscillator 


CR-3362 


Figure  8.  Schematic  Diagram  of  Test  Setup 
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COMPRESSOR  GAS  BEARING  SYSTEM 


The  design  of  the  gas  bearing  simulator  to  be  used  for  initial  testing  of 
the  compressor  journal  and  thrust  bearings  has  been  completed.  The  simu¬ 
lator  (Figure  10)  consists  of  the  rotating  assembly,  the  motor  section  and 
support  housings,  two  bell  housings,  and  associated  instrumentation,  all 
mounted  within  a  leak-tight,  stainless  steel  dewar  on  two  milling  tables. 


The  rotating  assembly  consists  of  the  compressor  shaft  with  dummy  ro¬ 
tors  simulating  the  mass  and  center  of  gravity  of  the  actual  impellers  mounted 
on  either  end.  The  structural  adequacy  of  these  dummy  rotors  has  been  ana¬ 
lyzed  to  preclude  any  failure. 


Figure  10.  Gas  Bearing  Simulator  Arrangement 


The  motor  section  and  support  housings  would  be  from  Module  B.  Suffi¬ 
cient  testing  of  this  motor  would  have  been  completed  prior  to  initiation  of  the 
bearing  tests,  to  ensure  that  motor  performance  will  be  a  known  quantity 
throughout  these  bearing  tests. 
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Mounted  at  either  end  of  the  actual  Module  B  support  housings  would  be  a 
bell  housing  made  of  6061  aluminum.  As  shown  in  Figure  11,  these  housings 
provide  a  mounting  surface  for  the  assembly  and  a  support  for  the  shaft  capac¬ 
itance  probes.  The  housings  have  also  been  sized  to  provide  the  containment 
capability  required  in  case  of  any  unexpected  failure  of  the  dummy  rotor  or 
shaft. 

Detailed  monitoring  of  the  bearing  performance  parameters  would  be  pro¬ 
vided  by  the  instrumentation  described  below,  under  "Test  Results  and  Evalu¬ 
ation,  "  in  this  section.  Pertinent  shaft  and  bearing  motions  would  be  followed 
by  the  use  of  proximity  probes.  Thermocouples  mounted  at  strategic  points 
would  monitor  critical  temperatures  and  temperature  gradients  during  opera¬ 
tion. 


All  of  the  equipment  described  above  would  be  mounted  within  the  sheet- 
metal  dewar  shown  in  Figure  11,  which  would  be  made  leak- tight  to  less  than 
10"®  torr- liters /sec  with  helium.  This  would  allow  for  evacuation  of  the  dew¬ 
ar,  by  a  vacuum  pump,  for  operation  at  the  design  ambient  pressure  of  6  psia. 
The  base  of  the  dewar  has  been  designed  for  mounting  on  the  milling  tables 
and  provides  feedthroughs  for  instrumentation,  motor  coolant  lines,  and 
vacuum  lines.  Mounting  on  the  milling  tables  would  allow  testing  in  any 
desired  position. 


Figure  11. 


Gas  Bearing  Simulator  with  Dewar 
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Initial  Bearing  Clearance  Determination 


To  determine  the- required  journal  bearing  clearances  for  operation  in 
the  gas  bearing  simulator  and  to  examine  the  predicted  characteristics  of  the 
ambient  pressure  operation,  a  series  of  cases  of  the  JSELCT  program  were 
l  un.  In  these  runs,  the  film  thickness  on  the  spring-loaded  pad  was  varied, 
while  all  other  input  parameters  wer  held  constant.  In  these  runs,  the  ma- 
chined-in  pad  clearance  (Cp)  was  set  at  0.  00429  inch  in  lieu  of  the  actual 
0.0045-inch  cold  machined-in  pad  clearance,  to  account  for  the  differential 
thermal  growth  of  the  journal  and  pad.  The  ambient  temperature  in  the 
journal  area  was  set  at  75(f  R,  based  on  the  results  of  the  thermal  studies 
performed.  The  ambient  pressure  was  set  at  14.  7  psia,  to  model  the  test¬ 
ing  in  the  simulator.  The  most  significant  results  of  these  computations  are 
plotted  in  Figure  12. 

On  the  basis  of  these  results,  it  was  decided  to  initially  set  up  for  run¬ 
ning  with  a  nondimensional  pivot  film  thickness  on  the  spring-loaded  pad  (ri„) 
equal  to  0.  44.  As  can  be  seen  from  the  curves  plotted,  selection  of  Hp  -  0.  44, 
with  an  operating  speed  of  91,000  rpm,  places  the  operating  speed  sufficiently 
above  the  pad  pitch  and  translational  critical  speeds  but  well  enough  below  the 
first  bending  critical  speed  of  156,000  rpm,  to  avoid  instability.  Operating  in 
this  area  provides  for  some  pad  journal  clearance  at  startup,  combined  with 
relatively  low  film  thicknesses  at  operating  conditions,  which  provide  suffi¬ 
cient  load  carrying  capabilities.  Operating  at  values  of  Hp  much  lower  than 
0.  44  would  require  initial  clamping  of  the  pads  to  the  journal  at  startup,  as 
well  as  operation  closer  to  the  pad  pitct  and  translational  critical  speeds. 
Operating  at  values  of  Hp  much  larger  than  that  chosen  increases  the  operating 
film  thicknesses,  thereby  reducing  the  load  carrying  capability  of  the  bearings. 

To  ensure  that  the  proper  clearances  are  maintained  during  assembly,  so 
the  operating  conditions  described  above  can  be  achieved,  a  precision- ground 
gage  shaft  must  be  used  lor  setting  the  journal  bearings.  Using  the  data  from 
Figure  13  (the  output  of  computer  program  JSELCT  with  Hp  =  0.44  and 
Cp  s  0.  00429),  the  size  of  the  gage  shaft  to  be  used  in  the  initial  setup  of  the 
journal  bearings  was  determined  as  described  below. 

The  calculation  for  the  gage  shaft  diameter  must  include  the  cold  journal 
size  combined  with  centrifugal  and  thermal  growth  effects  and  the  desired  op¬ 
erating  film  thicknesses.  The  spring  deflection  required  to  provide  the  proper 
load  on  the  spring-loaded  pad  must  also  be  accounted  for.  Figures  14  and  15 
show  a  typical  pivoted  pad  journal  bearing  at  operating  conditions.  Rx  and  Ra 
(Figure  14)  are  the  radii  of  the  pad  operating  circle  based  on  the  journal 
growth  and  fixed-pad  film  thickness  (Hpl  and  Hpa).  R3  is  the  radius  of  the  pad 
operating  circle  based  on  journal  growth  and  the  spring-pad  film  thickness 
(Hpa)  minus  the  spring  deflection: 

Ri  =  Ra  =  0.  826650  inch 
Ra  =  0.821870  inch 
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Figure  12.  Gas  Bearing  Simulator  Pad  Analysis  Results 


Load  (pounds)  Pad  Film  Thickness  (microinches)  Spring-Loaded  Sioe 

Translated  Critical 
(rpm  x  103) 


★★DESIGN  SPECIF I CATIONS** 


DESIGN  RUN  NUMRER  1224 


DESIGN  SPEED  ( RPM )  91000.0 
TEMP.  AT  DESIGN  SPD  (R)  7(30.00 
AMS  I  ENT  PRESS, DESIGN  SPD(PSIA)  14.70 

V  I SCOS I  TV ,  DES I  Gi  l  ( LB*S  EC/ I N**2 ) 0 . 360  7  E-08 
MAX.  SPEED  (RPM)  90000.0 
TEMP.  AT  MAX  SPD  (R)  300.00 
AMBIENT  PRESS, MAX  SPD  (PSIA)  14.70 

V  I  SCOS  I TY  ,  M  A  X  <  LB*SEC/ 1  M**2  )  0 . 3  760  E-OR 
JOURNAL  DIA.  (IN)  1 .630 
ROTOR  WEIGHT  <LR)  6.1950 
LEFT  OVERHUNG  WT.  (LR)  0.9010 
NT.  BETWEEN  3RGS.  (LR)  4.3900 
RIGHT  OVERHUNG  WT.  (LB)  .  0.9040 
LEFT  WT.  TO  LEFT  PRO.  (IN)  1.0390 
LEFT  BEG.  TO  CG  (IN)  3.8100 
CG  TO  RIGHT  8RG.  (IN)  3.3370 
RT  REG  TO  RT  OVERHUNG  WT  (IN)  1.0890 
G  LOADING  I. 0000 
JOURNAL  WALL  THICKNESS  (IN)  0.4810 
YOUNG* INERTIA,  (L3*IN**2)  0.lr500E+08 


PERCENT  OF  RAD  FOR  PAD  THICK 
PAD  LENGTH  (IN) 

POISSONS  RATIO  (MO) 

YOUNGS  MODULUS  (PSI) 

NT  DEN  OF  J.  MAT.  (LR/IN**3) 
NT  DEN  OF  PAD  MAT  (LB/IN**3) 


0.1500 
I .5000 
0.2600 
0.2  300E+08 
0.2800 
0.1600 


ANGLE  BETWEEN  PIVOTS  (DEG)  120.0000 

MINIMUM  PIVOT  FILM  TK.  (IN)  0.001000 


SPRING  STIFFNESS  (LB/IN) 
MACHINED  IN  CLEARANCE  (IN) 
STARTING  PIVUT  FILM  THICK. (ND 

ball  Radius  (in) 

SOCKET  RADIUS  (IN) 


0. 1  000E+G4 
0.004290 
)  0.440000 

0.1  22  000 

0.125000 


LAMBDA  LOOP 


LAMBDA,  DES.  SPD. 

LAMBDA,  MAX.  SPD. 
CLEARANCE,  DES.  SPD.  (IN) 
CLEARANCE,  MAX.  SPD.  (IN) 
WHIRL  SPEED  (RPM), DESIGN 


0.634 

0.703 


0.00388286 

0.00384628 

164252.69 


WHIRL  SPEED  ( RPM) .MAXIMUM 


174692.39 


CR-2355 


Figure  13.  Gas -Lubricated  Journal  Bearings 
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★★CONDITIONS  AT  DESIGN  SPEED** 


LAMBDA  (ND>  0.6339 

AMBlENf  PRESSURE  (PSIA)  14.70 

CLEARANCE  (IN)  0.003383 

JOURNAL  DIAMETER  (IN)  1.650814 

RRG.  TRANSVERSE  STIFF.  (LB/IN )  17038.65 

brg.  vertical  stiff,  (lr/in)  6541.95 

BRG.  POWER  LOSS  ( WATTS)  110.7351 


SHOES  WITH  FIXED  PIVOTS 


LOAD  (LB) 

PIVOT  FILM  THICKNESS  (IN) 
PITCH  STIFFNESS  (IN-LB/RAD) 
PITCH  CRITICAL  FREQ.  (RPM) 


8.3440 

0.001244 

1133.2468 

62626.6 


SHOES  WITH  SPRING  MTD.  PIVOTS 


LOAD  (LB)  5.2465 
PIVOT  FILM  THICKNESS  (IN)  0.001708 
PITCH  STIFFNESS  (IN-LB/RAD)  993.5833 
PITCH  CRITICAL  FREO  (RPM)  44357.0 
TRANS.  CRITICAL  FREO  (RPM)  74414.0 
STIFF  OF  PRELOAD  SPRING  (LB/IN)  1000.0 
PIVOT  SOCKET  RADIUS  (IN)  0.1250 
PIVOT  BALL  RADIUS  (IN)  0.1220 


★★GENERAL  CONDITIONS** 


WHIRL  SPEED  LIMIT  (RPM) 

FIRST  RENDING  CRIT.  SPD.  (RPM) 
SHAFT  RIGID  BUDY  CHIT  SPD  (RPM) 
SHAFT  RIGID  BODY  CRIT  SPD  (RPM) 
SHAFT  RIGID  BODY  CRIT  SPD  (RPM) 
SHAFT  RIGID  BODY  CRIT  SPD  (RPM) 
SHOE  PITCH  INERTIA  (IN-LR-SFC2) 
WEIGHT  OF  SHOE  (LB) 

THICKNESS  OF  SHOE  (IN) 

MACH I NFD-IN  CLEARANCE  (IN) 
START-UP  CLAMPING  FORCE  (IN) 
START-UP  CLEAR  ON  TOP  SHOE  (IN) 


164252.7 
157067.9 
I  979 1 . 1 
13853.6 
1 2264.8 
8599.6 
0.275  IE-04 
0.046191 
0.1233 
0. 004290 
0. 

0.00018 


★★CONDITIONS  AT  MAXIMUM  SPEED** 


LAMBDA  (NO) 

AMBIENT  PRESSURE  (PSIA) 
CLEARANCE  (IN) 

JOURNAL  DIAMETER  (IN) 
BEARING  X-STI FFNESS  (LB/IN) 
BEARING  Y-STI FFNESS  (LB/IN) 
BEARING  POWER  LOSS  (WATTS) 


0.703 
14.70 
0.003846 
1 .660887 
17187.532 
6596,245 
122.83 


CR-2355 


Figure  13.  Gas-Lubricated  Journal  Bearings  (Cont'd) 
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★★CONDITIONS  AT  DESIGN  SPEED** 


LAMBDA  (ND)  0. 63.19 
AMBIENT  PRESSURE  (PSIA)  14.70 
CLEARANCE  (IN)  0.003383 
JOURNAL  DIAMETER  (IN)  1.650814 
RRG.  TRANSVERSE  STIFF.  (L3/IN)  17038.65 
RRG.  VERTICAL  STIFF.  (LB/IN)  6541.95 
BRG.  POWER  LOSS  ( WATTS)  110.7351 


SHOES  WITH  FIXED  PIVOTS 


LOAD  (LB) 

PIVOT  FILM  THICKNESS  (IN) 
PITCH  STIFFNESS  (IN-LR/RAD) 
PITCH  CRITICAL  FREQ.  (RPM) 


8.3440 

0.001244 

1183.2468 

62626.6 


SHOES  WITH  SPRING  MTD,  PIVOTS 


LOAD  (LB) 

PIVOT  FILM  THICKNESS  (IN) 

PITCH  STIFFNESS  (IN-LR/RAD) 
PITCH  CRITICAL  FREO  (RPM) 

TRANS.  CRITICAL  FREO  (RPM) 

STIFF  OF  PRELOAD  SPRING  (LR/IN) 
PIVOT  SOCKET  RADIUS  (IN) 

PIVOT  BALL  RADIUS  (IN) 


5.2465 

0.001708 

593.5833 

44B57.0 

74414.0 

1000.0 

0.1250 

0.1220 


★★GENERAL  CONDITIONS** 


WHIRL  SPEED  LIMIT  (RPM) 

FIRST  BENDING  CRIT.  SPD.  (RP.M) 
SHAFT  RIGID  BODY  CHIT  SPD  (RPM) 
SHAFT  RIGID  BODY  CRIT  SPD  (RPM) 
SHAFT  RIGID  BODY  CRIT  SPD  ( RPM) 
SHAFT  RIGID  BODY  CRIT  SPD  (RPM) 
SHOE  PITCH  INERTIA  (IW-LB-SFC?) 
WEIGHT  OF  SHOE  (LB) 

THICKNESS  UF  SHOE  (IN) 

MACH  I NRD-IN  CLEARANCE  (IN) 
STAR'i-UP  CLAMPING  FORCE  (IN) 
START-UP  CLEAR  ON  TOP  SHOE  (IN) 


164252.7 
157087.9 
19791.1 
13353.6 
12264.3 
8599.6 
0.275 1F-04 
0.046101 
0.1233 
0.004290 
0. 

0.00018 


★★CONDITIONS  AT  MAXIMUM  SPEED** 


LAMRDA  (ND) 

AMBIENT  PRESSURE  (PSIA) 
CLEARANCE  (IN) 

JOURNAL  DIAMETER  (IN) 
BEARING  X -STIFFNESS  (LB/ IN) 
BEARING  Y-STIFFNESS  (LB/IN) 
REARING  POWER  LOSS  (WATTS) 


0.703 
14.70 
0.003846 
I  .650887 
17107.532 
6:396.245 
122.83 


CR-2355 


Figure  13.  Gas-Lubricated  Journal  Bearings  (Cont'd) 
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SHOES  I  I'll  FIXED  PIVOTS 


LOAD  (Ul) 

PIVOT  FILM  THICKNESS  (IN) 
PITCH  STIFFNESS  (IN  LH/RAD) 
PITCH  CRITICAL  ( RPN ) 


0.547b 
0.0012/0 
1196.  P29:< 
62909. 7 


SHOES  nlTH  SPRING  STD.  PIVOT'S 


LOAD  (L° ) 

PIV  U  FILM  THICKNESS  (IN) 
PITCH  STIFFNESS  (IN  Lo/PAD) 
PITCH  CRITICAL  ( RPM ) 

trans la ti  on  critical  (rp.") 


5.4500 
U. 001 734 
005.9236 

44;'  17,1  - 

/5707.7  CR-2355 


Figure  13.  Gas-Lubricated  Journal  Bearings  (Cont'd) 


.Y  Axis 


Spring 
’  Pivot 


Figure  14.  Schematic  Diagram 

of  Pivoted  Pad  Journal  Bearing 
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Figure  15.  Pivoted  Pad  Journal  Bearing 
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The  radius  of  the  circle  which  can  be  drawn  through  the  three  points  estab¬ 
lished  by  these  radii  is: 

„  _  Ri  +  Ra  +  2Ra  cos  p  ,  _  „  _ 

R*  *2  (l*+co7f)»)  where  e  •  6CP 

„  _  2(0.  826650)  +  2(0.  821870)  (0.  5) 

Kl  "  2(1.5) 

Rx  =  0.  825057 

Thus  the  diameter  of  the  gage  shaft  is: 

2R!  =  1.  650114 

On  this  basis,  the  diameter  of  the  gage  shaft  was  held  to  1.  65012  to  1.  65017 
inches. 


Journal  Bearing  Pad  Installation 

Using  the  gage  shaft  ground  to  the  dimensions  described  above,  it  was 
necessary  to  set  the  bearing  pads  relative  to  this  shaft,  to  attain  proper 
bearing  operation. 


Shimming  Spring-Loaded  Stem 

To  properly  set  the  journal  bearing  pads,  each  pad  must  have  a  fixed 
geometry,  so  relative  motion  of  the  pads  does  not  occur  during  the  initial 
setting. 

To  accomplish  this  fixed- geometry  condition  on  all  pads,  the  spring- 
loaded  pad  must  be  prevented  from  deflecting  during  assembly.  This  would 
be  accomplished  by  placing  shims  in  the  limit  stop  slot  in  the  springs.  This 
shimming  must  be  done  precisely,  to  prevent  incorrect  setting  of  the  bear¬ 
ings.  Using  precision  instrumentation,  the  free  length  of  the  individual 
spring  stem  must  be  measured.  Shims  must  then  be  sized  for  the  slot  in  the 
spring,  so  that  when  the  shims  are  installed  and  the  stem  is  lightly  loaded 
axially,  the  length  of  the  spring  stem  is  unchanged  from  the  initial  free  length 
measurement. 


Initial  Setting 

With  the  gage  shaft  held  concentric  in  the  support  housings  by  precision 
fixturing  and  the  spring  stems  properly  shimmed,  the  individual  pad  and  stem 
combinations  are  lowered  onto  the  shaft  until  the  pad  is  just  resting  on  the 
shaft.  At  this  point,  the  stems  are  clamped  in  place  to  maintain  this  initial 
setting.  Care  must  be  taken  during  this  portion  of  the  assembly  to  ensure 
that  no  undesired  clamping  forces  are  imppsed  on  the  pads. 
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Final  Setup 


With  the  journal  pads  set  properly  on  the  gage  shaft,  the  gage  shaft  is 
then  removed  and  the  motor  shaft  is  installed.  This  replacement  of  the  gage 
shaft  must  be  done  in  a  manner  that  will  prevent  the  pads  from  falling  off; 
one  shaft  must  be  installed  as  the  other  is  removed,  to  ensure  continuous 
pad-to-shaft  contact.  To  accomplish  this,  an  intermediate  pad  centering  fix¬ 
ture  is  required  on  the  second-stage  end.  This  fixture  was  described  in  Ap¬ 
pendix  II,  "Assembly  Procedures  for  U.S.  Air  Force  High-Speed,  Two-Stage, 
Centrifugal  Turbocompressor,  "  of  the  Phase  B  Final  Report. 

After  the  motor  shaft  is  in  place,  resting  on  the  journal  bearings,  a  final 
check,  to  ensure  that  proper  pad  settings  have  been  attained,  will  be  made  by 
tracking  the  motion  of  the  journal  as  the  housing  is  rotated.  When  this  is  done, 
a  triangle  such  as  that  shown  in  Figure  16  is  generated.  The  three  vertices  of 
this  triangle  represent  the  static  equilibrium  positions  of  the  shaft  resting 
between  two  pads.  The  legs  of  the  triangle  represent  the  motion  of  the  shaft 
as  it  rides  from  one  equilibrium  position  to  the  next. 


- Pivot 


Figure  16.  Triangle  Legs  Formed  on  Oscilloscope 
as  Shaft  Drops  Between  Pads 

To  establish  this  triangle,  the  relative  motion  of  the  shaft  is  followed 
with  a  horizontal  and  a  vertical  proximity  probe,  90  degrees  apart.  At  each 
static  equilibrium  position  (the  shaft  resting  between  two  pads),  one  point, 
representing  a  vertex  of  the  triangle,  can  be  seen  on  an  oscilloscope  dis¬ 
playing  the  output  of  the  proximity  probes.  By  means  of  a  triple  exposure  of 
the  three  positions,  the  triangle  can  be  established.  By  cutting  a  section  of 
the  scope  grid  from  a  photograph  and  using  this  to  measure  the  lengths  be- 
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tween  the  points,  the  legs  of  the  triangle  formed  can  be  measured.  Substi¬ 
tuting  the  average  value  of  the  lengths  into  the  following  equation,  the  mean 
bearing  pivot  radial  clearance,  in  microinches,  can  be  established: 

C'  =  Tan  30P  j  S 

where:  C'  *  Average  bearing  pivot  radial  clearance  (microinches) 

L  =  Average  length  of  the  triangle  leg  (centimeters) 

S  =  Oscilloscope  sensitivity  (pin.  / cm) 

For  the  turbocompressor,  the  average  radial  clearance,  C',  should  equal 
approximately  100  microinches.  The  pad  stems  may  then  be  adjusted  until 
the  proper  clearance  (C)  is  attained.  It  should  be  noted  that  this  procedure 
is  followed  for  each  of  the  two  journal  bearings  and  that  adjustments  to  one 
bearing  can  affect  the  setting  of  both  bearings  and  must  be  accounted  for. 

Figure  16  shows  the  relationship  between  the  triangle  leg  (L),  the  maxi¬ 
mum  bearing  pivot  radial  clearance  (C),  and  the  distance  the  shaft  drops 
from  the  center  as  it  falls  between  the  journal  pads  (B). 

Figure  17  shows  the  relationship  between  the  motion  of  the  shaft  with 
three  fixed  pads  and  the  motion  of  the  shaft  with  two  fixed  pads  and  one  spring 
pad.  Triangle  ACD  represents  the  motion  of  the  shaft  on  three  pads  whose 
pivots  are  fixed  relative  to  one  another;  this  motion  has  been  described  above. 


Figure  17.  Relative  Shaft  Motion  with  Spring-Loaded  Pad 


32 


Shape  AEF  shows  the  motion  if  the  spring-loaded  pad  is  not  shimmed  and  is 
free  to  deflect.  The  drop  from  center  (B)  to  an  equilibrium  position  between 
the  two  fixed  pads  is  the  same  as  previously  discussed,  but  as  the  housing  is 
rotated,  the  shaft  loads  the  spring  stem,  the  spring  deflects,  and  shape  AEF 
is  generated.  Because  the  deflection  of  the  spring  causes  motion  of  the  shaft 
much  larger  than  the  radial  pivot  clearance,  this  motion  must  be  eliminated 
by  shimming  during  setup,  in  order  to  arrive  at  the  proper  clearances. 

THERMAL  DESIGN 


A  review  of  the  design  analysis  shows  that  the  close  clearances  between 
the  journal  pads  and  the  shaft  and  between  the  thrust  bearing  and  the  thrust 
runners  requires  that  distortion  of  the  bearing  surfaces  be  kept  to  the  mini¬ 
mum.  The  distortion,  due  to  temperature  nonuniformities  along  the  compres¬ 
sor  shaft  and  thrust  bearing  runner,  was  analyzed,  and  corrective  design 
steps  were  taken  to  minimize  distortions.  This  analysis  was  described  in 
the  Phase  B  Final  Report  (Ref.  2). 

The  design  arrangement  adopted  at  the  thrust  bearing  end  of  the  shaft  is 
shown  in  Figure  18.  This  arrangement  incorporates  cooling  fins  at  the  shaft 
and  at  the  thrust  runner  tip.  The  thrust  runner  is  also  shown  extended  beyond 
the  thrust  bearing,  for  thrust  runner  disk  cooling. 


Cooling 
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The  analytically  determined  shaft  distortion  under  the  pad  is  shown  in 
Figure  19,  and  the  distortion  at  design  conditions  of  the  thrust  runner  is  shown 
in  Figure  20.  Figure  21  shows  the  calculated  operating  distortions  along  the 
shaft,  as  well  as  the  operating  temperatures  anticipated. 

The  above  results  were  obtained,  based  on  the  design  conditions  listed 
in  Table  1.  Thus  it  can  be  seen  that  the  91  percent  of  the  heat  is  generated 
by  the  gas  bearings. 


Table  1 

DESIGN  CONDITIONS 


Heating,  Leakage,  and  Temperature 

Value 

Ambient  outside  temperature 

585°R  (125°F) 

Temperature  of  gas  entering  compressor  housing 

660*R  (200°F) 

Liquid  coolant  temperature 

588°R  (128°F) 

Thrust-bearing-end  wheel  temperature 

647°R  (187°F) 

Heating  due  to  single  journal  bearing 

87.  5  watts 

Heating  due  to  thrust  bearings,  both  faces 

170.  0  watts 

Heating  due  to  motor  end  turns 

25.  0  watts 

Interstage  leakage  rate,  from  second  to  first  stage 

0.  19  g/sec 

Because  the  above  analysis  was  completed,  the  final  thrust  and  journal 
bearing  designs  were  also  completed,  'table  2  shows  that  the  bearing  powers 
at  the  0-g  design  conditions  are  slightly  higher  than  the  values  used  in  the 
analysis.  Of  course  the  1-g  and  3-g  loads  shown  in  Table  2  result  in  higher 
bearing  friction  losses. 


Table  2 

COMPRESSOR  GAS  BEARING  LOSSES 


Operation  (g) 

Thrust  Bearing, 
Both  Faces  (watts) 

Journal  Bearing, 
Each  Journal  (watts) 

0 

210.0 

105.0 

1  horizontal 

210.0 

123.  0 

1  vertical 

255,  0 

105.0 

3  horizontal 

210.0 

142.0 

3  vertical 

300.0 

105.0 
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35001 
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1.0  1.5  2.0  2.5 

Shaft  Length  (Inches) 


3.  0 


3.  5 


CR-3138 


Figure  19.  Radial  Displacement  of  Shaft  in  Journal  Bearing  Area 


Figure  20.  Displacements  of  Thrust  Runner  Surface  A-A 
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Shaft  Length  (inches)  1 


Figure  21.  Compressor  Centrifugal  and  Thermal  Deflection 

Recent  measurements  have  shown  that  there  is  a  tendency  for  thrust 
bearing  distortion  with  temperature  change.  Thrust  bearings  with  the  tung¬ 
sten  carbide  flame  plate,  ground  to  the  final  finish  but  without  the  pockets 
etched,  were  evaluated  for  flatness  at  the  operating  temperature  of  approxi¬ 
mately  400PF.  It  is  significant  that  two  bearings  were  tested,  and  each  warped 
symmetrically  into  a  concave  surface,  with  the  inside  diameter  smaller  than 
the  outside  diameter  by  0.  000247  and  0.  000218  inch.  This  warping  is  appar¬ 
ently  caused  by  the  slight  difference  in  expansion  characteristics  of  tungsten 
carbide  on  the  titanium.  These  special  tests  are  described  below  under  "Test 
Results  and  Evaluation. " 


Figure  21  shows  that  the  temperature  actually  increases  with  the  thrust 
bearing  radius;  therefore,  the  distortion  would  probab’y  be  more  exaggerated 
than  shown  in  Figure  22.  The  direction  of  the  distortion  is  the  most  favorable 
direction  for  the  bearing  load  capacity  and  angular  stiffness,  because  the  least 
film  thickness  will  be  at  the  outside  diameter. 


ELECTRICAL  DESIGN 


Design 

The  breadboard  motor  stator  and  rotor  are  essentially  the  same  design 
as  that  for  the  Module  B  compressor  drive  motor.  Much  has  been  learned 
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Bearing  1  Bearing  6 

0.  000247  Inch  0.  000218  Inch 

"T/3  f  c\f1 


0. 000023  Inch 

0.  0000095  Inch 

CR-3304 

Figure  22.  Thrust  Bearing  Warping  at  400°F 

from  the  breadboard  motor,  in  the  way  of  fabrication  techniques,  that  has 
been  applied  to  the  Module  B  drive  motor.  This  knowledge  can  be  applied 
beneficially  to  future  motor  designs.  Figure  23  shows  a  section  of  the  bread¬ 
board  motor  field.  Ball  bearings  were  used  to  minimize  the  cost. 

Winding  a  new  motor  design  always  involves  some  learning  with  regard 
to  end-turn  overhang  and  insulation.  This  learning  has  been  restricted  to  the 
breadboard  stator,  and  the  results  have  been  very  effectively  applied  to  the 
high-speed  prototype  motor. 

Although  this  motor  is  limiteu  in  speed,  with  antifriction  bearings,  much 
useful  information  has  been  obtained,  and  more  can  be  obtained.  The  maxi¬ 
mum  operating  speed  was  about  12,000  rpm  and  the  planned  tests  were: 

•  Development  and  Debugging.  The  original  intent  of  the  contract 
was  to  build  a  solid-state  power  conditioner-controller.  Develop¬ 
ment  and  debugging  of  the  electrical  pc./er  subsystem  would  have 
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Direct  Axis 


Magnetic  17-4  Ph 
120 -D.  — *ee  Pole  Piece 


Nonmagnetic  347  Stainless 
Steel  60-Degree  Pole 


Quadrative  Axis 


CR-6006 


Figure  23.  Cross  Section  of  Magnetically  Segmented  Shell  Around  Magnet 

been  greatly  facilitated  if  the  power  conditioner  had  been  built.  A 
true  dynamic  load,  as  provided  by  the  breadboard  motor,  would 
have  accentuated  system  deficiencies  and  aided  in  their  correction, 
where  needed. 

•  Locked  Rotor  Torque.  The  compressor  drive  motor  must  overcome 
some  static  friction  in  the  bearings  if  it  is  to  break  away  at  the  start. 
The  magnitude  of  the  motor  torque  at  a  standstill  can  be  determined 
for  inverter  voltages  and  for  sine  wave  voltages  for  comparison. 

The  information  thus  obtained  can  be  used  to  determine  the  starting 
mode  that  puts  the  least  stress  on  the  electrical  subsystem. 

•  Accelerating  Torque.  Optimum  volts  per  cycle  can  be  determined 
for  the  minimum  surge  current  and  the  minimum  time  to  reach  the 
liftoff  speed  for  the  gas  bearings. 


Breadboard  Motor  Tests 


The  planned  tests  were  greatly  altered,  to  conform  to  timely  changes 
in  the  contract  scope.  Both  the  quality  and  the  quantity  of  the  test  data  were 
ultimately  compromised  as  a  result  of  the  termination  plans.  Nevertheless, 
the  following  results  were  obtained  before  the  contract  expired.  It  is  antici¬ 
pated  that  additional  useful  data  will  be  obtained  in  the  future. 
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Corona 


Every  effort  has. been  made  to  ensure  a  contamination-free  system,  es¬ 
pecially  with  regard  to  the  motor  insulation  system.  Corona  can  cause  a 
breakdown  of  some  types  of  insulation  more  than  other  types.  However,  if 
no  corona  is  present,  then  there  certainly  should  be  no  contamination  from 
this  cause. 

The  safety  margin  for  corona-free  operation  of  the  compressor  drive 
motor  has  been  an  unknown  in  previous  motor  designs.  To  reduce  possible 
particulate  contamination,  the  varnish  treatment  has  been  omitted  from  the 
winding.  This  omission  probably  reduces  the  corona  start  voltage.  Air  has 
a  corona  start  voltage  gradient  of  35.  5  kv/cm,  while  helium  has  a  value  of 
4,  0  kv/cm.  While  this  is  deemed  only  an  index,  it  does  indicate  a  trend  that 
should  not  be  ignored.  A  minimal  investigation  was  undertaken. 

A  glass  desiccator  containing  the  breadboard- motor  stator  was  evacuated 
to  100  microns  and  backfilled  to  1  psig  with  helium.  This  procedure  was  re¬ 
peated  two  more  times,  to  ensure  an  air-free  environment  of  pure  helium. 

A  corona- free  voltage  source  was  connected  between  the  stator  core  and  the 
winding,  without  disturbing  the  helium  environment. 

Corona  started  to  occur  at  245  volts  rms,  which  is  about  three  times 
its  rated  83  volts.  This  margin  appears  adequate  for  this  application,  and 
no  change  in  the  insulation  system  is  anticipated. 

Electrical  Balance 

Initial  tests  showed  an  unexpected  unbalance  in  the  magnetizing  current. 
The  six  line  currents  were  15.  0,  12.  3,  15.  0,  12.  7,  13.  6,  and  12.  8  amperes 
at  14  volts  and  200  hertz.  This  unbalance  prompted  a  careful  analysis  of  the 
stator  air  gap  effects  and  unsymmetrical  winding  effects.  A  series  of  runs 
was  made  with  the  end  shield  (on  the  connection  end)  shifted  four  ways  by 
about  2  mils  from  the  center.  This  shift  had  little  or  no  effect  on  the  mag¬ 
netizing  current  unbalance,  which  remained  the  same  in  each  motor  phase. 
When  the  powerlines  were  shifted,  the  unbalance  remained  the  same  in  each 
motor  phase.  It  was  therefore  concluded  that  the  unbalance  was  not  in  the 
source. 

Subsequently,  tests  of  resistance,  reactance,  and  voltage  unbalance  very 
strongly  indicated  that  a  single  turn  was  inadvertently  left  out  of  one  coil  in 
Phase  R.  The  usual  procedure  in  such  circumstances  would  be  to  strip  and 
rewind  the  stator;  however,  in  the  spirit  of  phasing  out  the  contract,  motor 
tests  were  continued  to  obtain  the  maximum  useful  information  at  the  mini¬ 
mum  cost. 

Testing  and  development  of  the  breadboard  motor  have  been  made  to  con¬ 
form  to  the  reduction  in  the  contract  scope.  While  only  enough  time  was  al- 
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loted  to  determine  the  cause  for  the  unbalance  in  the  stator,  it  was  possible 
to  obtain  partial  test  results  that  have  given  some  insight  into  this  motor  and 
have  increased  the  technology  base  in  the  area  of  leakage  reactance. 

Excitation  Curve 

Full  frequency  excitation  and  core  loss  tests  with  a  dummy  laminated 
rotor  were  originally  planned,  but  only  200- hertz  data  with  the  squirrel  cage 
rotor  were  obtained.  Core  loss  at  200  hertz  is  very  low,  data  obtained  by 
extrapolating  tJ  1525  hertz  are  not  accurate,  and  the  excitation  current  changes 
little  at  higher  frequencies.  Figure  24  shows  breadboard  motor  excitation 
data  at  200  hertz. 


Figure  24.  Breadboard  Motor  Excitation  at  200  Hertz 
Locked  Rotor  Torque 

Only  two  frequencies  were  used,  in  testing,  to  determine  the  locked  rotor 
torque:  200  and  60  hertz.  The  torque  per  ampere  is  not  dramatically  differ¬ 
ent  for  these  two  frequencies,  as  shown  in  Figure  25.  The  most  favorable 
frequency  should  be  determined  and  used  at  the  start,  to  minimize  the  stress 
on  the  power  conditioner. 
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Figure  25.  Breadboard  Motor  Locked  Rotor  Torque 
Torque  Slip  Tests 

The  rated  torque  for  2.  5  hp  at  91,000  rpm  is  27.  7  oz-in.  Figure  26 
shows  the  tested  shaft  torque  of  27.  7  oz-in.  at  a  frequency  of  about  205  hertz 
and  a  slip  of  about  315  rpm.  A  maximum  torque  of  50  oz-in.  occurred  at 
about  6-percent  slip,  or  about  720-rpm  slip. 


Figure  26.  Breadboard  Motor  Speed-Torque  Characteristics 
(205  Hertz  at  10  Volts,  Line  to  Neutral) 
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Discussion  and  Summary  of  Tests 


Testing  and  development  of  the  breadboard  motor  have  been  made  to 
conform  to  the  reduction  of  the  contract  scope.  The  postulated  dropped  turn 
in  Phase  R  has  been  ignored,  on  the  basis  that  some  test  results  are  better 
than  none.  This  approach  may  be  justified,  because  there  are  normally  12 
turns  in  each  of  six  phases,  and  the  deficit  of  one  turn  will  not  greatly  affect 
the  overall  performance  of  the  motor. 

Tests  were  made  at  200  hertz  and  12,000  rpm,  and  a  few  tests  were  made 
at  60  hertz. 

Running  light  losses  were  found  to  be  40.  8  watts  at  10.  1  volts  and  200 
hertz.  The  input  power  was  accurately  determined  for  Phase  V  and  multi¬ 
plied  by  six,  the  number  of  phases.  A  Hewlett-Packard  digitizer  was  used 
and  a  picture  of  the  volts  and  amperes  was  taken  on  a  calibrated  oscilloscope. 
These  losses  include: 

•  Stator  copper 

•  Friction  and  windage 

•  Negative  sequence  losses  due  to  unbalance 

•  Slot  harmonic  losses 

•  Core  loss 

The  breadboard  rotor  was  made  similar  to  the  prototype  rotor.  Its  re¬ 
taining  ring,  which  is  shrunk  on  the  aluminum  end  ring,  normally  has  a  spac¬ 
ing  of  6  to  8  mils  from  the  rotor  body.  However,  these  rings  were  pressed 
against  the  rotor  body  of  the  breadboard  motor  rotor,  thereby  accentuating 
the  reactance  problem  in  the  motor.  When  this  was  allowed  for  in  the  equiv¬ 
alent  circuit,  the  calculated  performance  more  nearly  matched  the  test  results. 

While  these  tests  were  abbreviated  to  conform  to  the  reduction  of  the  con¬ 
tract  scope  and  little  or  no  analysis  is  possible,  the  ability  to  predict  motor 
performance  has  been  verified  at  least  to  a  degree.  Additional  development, 
tests,  and  analysis  would  be  desirable.  This  work  would  involve: 

•  Rewinding  the  breadboard  stator 

•  Reworking  the  end  ring  materials  and  configuration 

•  Retesting  the  motor  with  improved  instrumentation 

•  Data  analysis 

The  objectives  of  this  effort  would  be  to: 

•  Erase  any  question  concerning  the  dissymmetry  in  the  stator  winding. 

•  Verify  improvement  in  performance  with  a  new  end  ring  configuration. 

•  Increase  the  technology  base  for  this  type  of  motor. 
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FABRICATION 


Ail  work  was  stopped  on  the  manufacture  of  hardware  for  the  turbocom¬ 
pressor.  The  status  of  the  parts  discussed  below  reflects  presently  complete 
hardware  and  the  estimated  percent  of  the  hardware  remaining  to  be  completed, 
if  further  work  were  directed. 

SHAFT 


The  manufacture  of  the  first  shaft  was  completed,  final  inspection  was 
performed,  and  the  shaft  was  dynamically  balanced  without  the  impellers. 

The  inspection  showed  that  the  maximum  out-of- roundness  of  one  journal  was 
3  0  microinches;  the  other  was  40  microinches.  The  concentricity  of  the  bore 
(which  accepts  the  impeller  hub)  relative  to  the  journals  was  20C  microinches 
on  one  end  and  140  microinches  on  the  other  end.  Figure  27  shows  the  first 
completed  shaft.  Three  additional  shafts  were  stopped  in  process,  at  an  es¬ 
timated  5  0-percent  stage  of  completion.  The  shaft  center  sections  have  been 
machined  and  balanced. 


Figure  27.  First  Completed  Shaft 

One  journal  end  has  been  welded  to  each  center  section.  During  the  ma¬ 
chining  of  these  center  sections,  prior  to  the  installation  of  the  steel  safety 
rings  over  the  aluminum  end  rings,  the  0.  005-inch  gap  between  the  aluminum 
ring  and  the  steel  motor  section  was  filled  with  paraffin,  to  prevent  chips  from 
entering  the  gap.  After  the  assembly  of  the  aluminum  end  rings  to  the  steel 
section,  all  three  shafts  were  ultrasonically  inspected  and  found  to  be  satis- 
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factory.  Following  the  inspection,  the  3teel  rings  were  shrunk  in  place  over 
the  aluminum,  grinding  of  the  outside  diameter  and  length  was  finished,  and 
the  ends  were  threaded.  The  sections  were  then  balanced  and  welded  to  one 
journal  section. 

Work  remaining  to  complete  these  shafts  includes  welding  the  other  jour¬ 
nal  end  to  the  shaft,  nitriding,  final  machining,  grinding,  and  final  balancing. 

SCROLLS 


Both  the  first-  and  second- stage  scrolls  have  been  completed.  The 
first-stage  scroll  is  shown  in  Figure  28.  The  second-stage  scroll  is  shown 
in  Figure  29. 

The  castings  for  the  third-  and  fourth-stage  scrolls  have  been  received 
from  the  vendor  and  have  successfully  passed  receipt  inspection.  No  ma¬ 
chining  has  been  performed  on  these  scrolls.  Their  estimated  stage  of  com 
pletion  is  25  percent. 

IMPELLERS 


As  reported  in  the  Phase  B  final  report  (Ref.  2),  the  first-  and  second- 
stage  impellers  have  been  completed.  The  third-  and  fourth-stage  impellers 
have  been  received  and  have  successfully  passed  receipt  inspection.  In  addi¬ 
tion  to  the  complete  machining,  a  finished  spin  test  to  95,000  rpm  has  been 
performed  on  these  rotors  by  the  vendor.  These  two  rotors  have  not  been 
corrosion-coated.  Normally  the  impeller  hubs  are  corrosion-coated,  followed 
by  a  coating  of  Microseal  200-1.  These  coatings  minimize  friction  problems 
during  assembly  of  the  impellers  to  the  shaft.  The  four  impellers  are  shown 
in  Figure  30. 


JOURNAL  BEARING  PADS 

As  reported  in  the  Phase  B  final  report  (Ref.  2),  all  of  the  journal  bear¬ 
ings  had  been  inadvertently  flame  sprayed  with  tungsten  carbide,  over  pre¬ 
viously  finished  hubs.  These  bearings  were  returned  to  the  vendor,  where 
they  were  chemically  stripped  of  the  carbide.  The  pivot  sockets  were  then 
reworked,  and  the  journal  surfaces  were  replated  with  tungsten  carbide. 


When  preparing  to  polish  the  journal  bearing  sockets,  close  inspection 
disclosed  two  different  defects  present  in  the  tungsten  carbide  coating.  Some 
sockets  had  radial  cracks  extending  from  the  rim  down  toward  the  bottom. 
The  cause  of  these  cracks  is  unknown.  Other  socket  surfaces  had  pits  in  the 
carbide  coating.  It  is  believed  that  these  pits  were  the  result  of  a  small  par¬ 
ticle  being  trapped  beneath  the  electrode  during  the  electrical  discharge 
machining  of  the  sockets. 
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Figure  29.  Second -Stage  Scroll 
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Figure  30.  Impellers 

The  11  defective  journal  bearing  pads  were  returned  to  the  vendor  to 
have  the  tungsten  carbide  flame-spray  coat  removed  from  both  the  journal 
surface  and  the  pivot  sockets.  This  is  a  chemical  stripping  process  that  does 
not  disturb  the  base  material. 

The  tungsten  carbide  flame -spray  was  then  reapplied  to  the  sockets. 
Machining  of  the  sockets  and  rough  lapping  was  then  performed.  The  other 
nine  pads  that  were  satisfactory  were  completed. 


The  completed  pads  are  shown  in  Figure  31.  During  the  machining  of 
the  remaining  11  journal  pads,  defects  in  the  tungsten  carbide  coatings  were 
observed.  These  defects  were  in  the  form  of  cracks  and  chips,  breaking  away 
along  the  circumference  of  the  socket  at  the  outer  edge.  These  edges  were 
chamfered  by  grinding,  to  remove  all  of  the  defective  coating. 

( 

This  is  not  a  critical  area,  aside  from  the  requirement  of  a  sound  surface 
to  prevent  any  chips  from  falling  into  the  compressor.  The  pads  were  then 
sent  to  the  Union  Carbide  Corporation  to  have  the  journal  surfaces  flame  - 
sprayed  with  tungsten  carbide. 

f 

Following  the  coating,  the  11  pads  were  stopped  in  process.  Final  grind¬ 
ing  and  lapping  was  not  begun.  Approximately  75  percent  of  the  work  had  been 
completed  on  these  pads  when  the  work  was  halted.  | 
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During  this  period,  five  spring-loaded  pivot  stems  for  the  journal  bear¬ 
ings  were  heat-treated,  the  ball  ends  were  nitrided  and  polished,  and  the  spring 
stop  slots  were  machined,  completing  the  manufacture  of  these  parts.  The 
springs  were  then  calibrated  to  determine  the  spring  rate. 

All  of  the  springs  were  on  the  high  side  of  this  design  point,  allowing  for 
adjustment,  if  warranted,  by  future  test  results.  The  spring  rates  ranged 
from  980  lb/ in.  to  1360  lb/ in. 

Only  one  more  solid  stem  was  required  to  complete  the  inventory  for 
both  Modules  A  and  B.  The  first  seven  solid  stems  have  been  completed. 

Three  solid  stems  were  stopped  in  process,  after  they  were  found  to  have 
soft  tips  on  the  balls,  caused  by  defective  nitriding. 

i 

* 

For  these  stems  to  be  usable,  the  nitriding  must  be  stripped,  and  the 
parts  must  be  replated  and  then  reground  and  polished.  All  work  has  stopped 
on  these  stems;  they  are  approximately  25  percent  complete. 

I 

Both  the  spring  and  solid  stem  are  shown  in  Figure  32. 

I 

I 
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Figure  32.  Spring  and  Solid  Stem 


THRUST  BEARINGS 

Generating  the  pockets  in  the  surface  of  tungsten-carbide-coated  thrust 
bearings  to  tolerances  of  ±0.  000075  inch  proved  to  be  extremely  difficult. 

Grinding  and  electrical  discharge  machining  were  initially  considered,  but 
the  decision  to  use  either  of  these  methods  was  delayed  while  an  alternate 
method  of  manufacture,  capable  of  producing  the  precision  required  at  re¬ 
duced  costs,  was  sought. 

■1 

A  search  for  an  alternate  method  was  conducted,  and  a  decision  was 
made  to  try  a  process  called  ion  etching.  Ion  etching  is  a  process  in  which 
tiny  particles  are  blasted  from  the  surface  electrically  and  are  deposited  on 
a  target  cathode.  The  environment  is  low-pressure  argon  at  temperatures 
up  to  600°F.  The  removal  rate  is  a  function  of  the  time  at  a  temperature. 

All  previous  applications  required  the  depth  of  the  pockets  to  be  on  the  order 
0.  0001 -inch  maximum,  and  at  this  depth,  success  had  been  achieved.  Unfor¬ 
tunately,  the  specification  for  the  depth  of  this  bearing  was  ten  times  greater. 

Several  vendors  were  contacted,  and  all  expressed  concern  because  the 
specified  depth  of  1  mil  exceeded  past  experience.  The  Hohman  Plating  and 
Manufacturing  Company  in  Dayton,  Ohio  returned  the  lowest  quotation  and 
appeared  willing  to  apply  itself  to  further  the  state-of-the-art.  The  Hohman 
Company  designed  a  mask  that  was  manufactured  at  the  General  Electric 
Research  and  Development  Center.  A  Research  and  Development  Center 
manufacturing  engineer  traveled  to  Dayton  with  the  parts,  to  discuss  this  ap¬ 
plication.  It  was  decided  to  perform  the  experiment  using  the  existing  tooling. 

Monitoring  for  depth  control  occurred  at  increments  of  0.  0001  inch  of 
stock  removal.  After  20  hours,  the  process  appeared  practical,  but  as  the 
depth  increased,  changes  in  the  uniform  depth  finally  proved  the  process  to 
be  unsatisfactory. 
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After  a  complete  inspection  at  the  Research  and  Development  Center,  it 
was  determined  that  the  profile  of  the  etched  surface  was  fairly  flat,  except 
small  islands  protruded  above  the  generally  flat  surface.  The  islands  repre¬ 
sented  about  0. 1  percent  of  the  surface  and  were  very  small  in  cross  section. 
This  condition  was  invisible  to  the  naked  eye,  but  under  microscopic  exami¬ 
nation  they  were  noticed,  and  spacing  was  random. 

Unfortunately  the  depth  measurement  at  the  Hohman  Plating  and  Manu¬ 
facturing  Company  was  performed  using  a  micrometer  that  measured  the 
height  of  the  islands,  because  the  micrometer  anvils  bridged  several  islands. 
Therefore,  the  0.  001 -inch  depth  measurement  was  inaccurate.  Also,  the 
average  depth  of  the  majority  of  the  surface  was  much  greater  than  0.  001 
inch,  as  specified.  Measured  with  an  electronic  indicator,  using  a  very  small 
stylus,  the  pockets  proved  to  be  about  0.  002  to  0.  0025  inch. 

Further  communication  with  Hohman  Company  personnel  about  the  prob¬ 
lems  defined  above  resulted  in  an  assumption  that-flame-sprayed  tungsten 
carbide  was  nonuniform  in  structure  and  resulted  in  a  much  slower  etching 
rate  in  some  areas,  which  caused  the  islands.  The  tapered  surface  (0.  002 
to  0.  0025  inch)  was  produced  by  a  type  of  flux  density  problem,  which  may  be 
solved  by  extensive  shielding. 

For  the  immediate  future,  the  ion  etch  method  was  set  aside.  This 
method  is  good  for  etching  up  to  a  0.  0001 -inch  maximum  depth.  It  would  be 
feasible  to  experiment  further  if  high  production  of  refrigerators  justified 
further  experimenting  with  better  quality  flarue  plating  and  flux  shielding- 
focusing  of  the  ion  beam  particles.  Considerable  testing  and  development 
would  be  necessary  to  make  this  method  successful. 

High-precision  tools  were  then  made  to  overcome  dimensional  control 
problems  associated  with  electrical  discharge  machining.  The  evaluation  of 
the  electrical  discharge  machining  of  the  pockets  was  made  on  a  sample  piece. 
Tnis  method  initially  appeared  successful,  with  uniformity  of  the  depth  of  the 
pockets  being  held  to  within  10  microinches. 

The  early  attempts  to  use  electrical  discharge  machining  were  promising, 
but  continued  test  machining  on  a  sample  bearing  failed  to  produce  a  finish,  or 
uniformity,  that  was  satisfactory.  As  a  result,  this  method  also  was  abandoned. 
It  was  then  decided  to  grind  the  pockets  on  a  jig  grinder.  Especially  small  dia¬ 
mond  wheels  and  a  holding  fixture  for  the  bearings  were  made. 

The  grinding  of  the  pockets  of  two  thrust  bearings  was  completed.  Figure 
33  shows  the  face  of  one  of  the  completed  bearings.  The  results  are  satisfac¬ 
tory  and  prove  to  be  more  economical  than  first  believed,  in  spite  of  the  spe¬ 
cial  tooling  required. 

The  gimbal  pivot  screws  are  now  complete.  Some  cracking  of  the  nitrided 
hard  coat  was  experienced  around  the  edge  of  the  socket.  This  area  is  not 
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Figure  33.  Face  of  Completed  Bearing 

critical,  but  it  was  feared  that  further  chipping  might  occur.  These  areas 
were  ground  until  a  sound  surface  was  established.  The  pivot  screws  are 
satisfactory  for  use. 

Work  on  three  more  thrust  bearings  was  stopped  in  process.  These 
bearings  were  approximately  50-percent  complete.  The  plating  of  the  bear¬ 
ing  surfaces  had  been  completed;  lapping  and  grinding  of  the  pockets  was  not 
begun. 

HOUSINGS 


As  reported  in  the  Phase  B  final  report  (Ref.  2),  all  work  has  been  com¬ 
pleted  on  the  four-piece  structural  housings  shown  in  Figure  34.  In  addition, 
the  outer  housing,  which  seals  the  entire  compressor,  is  finished  (Figure  35). 


Figure  34.  Four-Piece  Structural  Housings 
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Figure  35.  Outer  Housing 


All  of  these  housings  were  inspected  and  found  to  meet  all  Jesign  tolerances. 
All  surfaces  of  the  rabbet  fits  have  had  a  microseal  lubricant  coating  applied 
to  facilitate  assembly.  These  parts  are  now  ready  for  assembly. 

FEEDTHROUGH  BULKHEADS 


As  reported  in  the  Phase  E  final  report  (Ref.  2),  the  feedthrough  bulk¬ 
heads,  as  shown  in  Figure  36,  have  been  completed. 


Figure  36.  Feedthrough  Bulkheads 
GAS  BEARING  SIMULATOR  HARDWARE 


All  of  the  hardware  for  the  gas  bearing  simulator,  which  is  described  be¬ 
low  under  "Test  Results  and  Evaluation,"  is  complete  (with  the  exception  of 
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several  assembly  tools).  The  intent  was  to  use  Module  B  parts,  where  pos¬ 
sible,  for  this  test  assembly.  In  the  case  of  the  bearing  pads  and  stators, 
the  first  completed  set  was  to  be  used  for  the  gas  bearing  simulator,  with  the 
next  set  of  parts  being  used  for  the  Module  A  build.  Upon  completion  of  the 
gas  bearing  simulator  test,  the  hardware  from  this  assembly  would  have  been 
used,  where  possible,  to  build  Module  B.  Initial  assembly  of  the  hardware 
and  instrumentation  associated  with  this  test  had  begun. 


TEST  RESULTS  AND  EVALUATION 

THRUST  BEARING  FLATNESS  TESTS  AT  ELEVATED  TEMPERATURES 


Thrust  Bearing  1-2780 


An  interferometer  setup  was  built  into  an  oven.  Three  different  flats 
were  taken  from  room  temperature,  78°F  (25°C),  up  to  400°F  (204°C).  Due 
to  the  thickness  and  poor  heat  conductivity  of  the  vitreous  flats,  there  was 
some  convex  warping  of  the  lower  flat,  which  was  closer  to  the  heating  ele¬ 
ment.  At  equilibrium,  there  was  no  warping.  This  test  was  conducted  at 
six  different  stages  during  the  heating  cycle.  When  cooled,  the  lower  flat 
tended  to  become  concave,  but  flattened  out  at  equilibrium,  usually  in  less 
than  5  minutes.  At  the  end  of  the  tests,  all  of  the  flats  were  back  to  their 
normal  shape.  The  maximum  amount  of  warping  seen  at  the  maximum  heat¬ 
ing  rate  of  the  oven  was  3-1/2  fringes,  which  occurred  when  the  rate  was 
3(fC  in  10  minutes  or3°C/min. 


These  preliminary  tests  prove  that  measurements  can  be  made  at  the  re 
quired  temperatures  and  that  at  equilibrium  the  flats  are  good. 


The  original  condition  of  the  bearing  is  shown  in  Figure  37.  There  was  a 
wedge  of  air  between  the  plate  and  flat,  so  sensibly  straight  fringes  were  seen. 
Those  fringes  in  Region  8  were  somewhat  deformed,  showing  that  the  ring  is 
bent  down  at  this  point  so  that  as  seen  from  the  edge,  it  would  appear  as  shown 
in  the  lower  sketch.  In  addition,  most  of  the  rim  all  the  way  around  is  turned 
down  for  a  distance  extending  in  about  1/16  inch.  This  condition  is  normal  for 
any  flat  surface  lapped  without  a  protective  surrounding  and  is  due  to  the  weight 
of  the  lapping  tool  oeing  concentrated  on  the  edge  at  the  end  of  the  stroke. 


The  final  small  defect  is  shown  in  the  detail  of  Figure  38.  The  fringes  bend 
down  near  the  inner  edges  of  Slots  3  and  4,  which  indicates  that  these  edges 
are  turned  down.  The  total  error  in  flatness  of  this  bearing  does  not  exceed 
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Turned  Down 
at  Edge  Approximately 
1/16  Inch  About 
3 /4-Inch  Fringe 


Figure  37.  Original  Condition  of  Thrust  Bearing 
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Six  Fringes 


Scallops  as  Seen 
from  Edge 


CR-3307 


Figure  38.  Thrust  Bearing  at  Equilibrium  (105°C) 

one  fringe.  In  these  tests,  green  thallium  light  was  used  with  a  wavelength  of 
5350  micrometers,  which  is  0.  535  micron.  Because  there  are  two  fringes  of 
interference  per  wavelength,  one  fringe  is  equal  to  0.  267  micron  or  9.  5 
microinches. 

As  soon  as  heating  was  started,  the  ring  as  a  whole  became  part  of  a  con¬ 
cave  sphere.  Even  at  temperatures  as  low  as  60°C,  there  was  a  total  of  nine 
fringes  across  the  sphere  (Figure  39).  The  pattern  is  nearly  symmetrical, 
with  an  irregularity  where  the  dip  occurs  near  Slot  8.  This  concavity  could 
be  partly  due  to  warping  of  the  flat,  but  is  mainly  due  to  the  metal. 

The  equilibrium  condition  is  shown  in  Figure  38,  which  also  shows  a  total 
of  about  ten  fringes,  concave  at  105°C.  A  new  effect  is  also  seen:  each  of  the 
segments  of  the  ring  is  separately  concave,  so  that  as  seen  from  the  edge, 
the  ring  appears  scalloped.  Each  segment  of  the  ring  is  scalloped  about  one 
fringe  deep  at  this  temperature.  For  some  reason,  the  hooks  on  the  ends  of 
the  fringes  at  Slots  3  and  4  become  more  noticeable  at  this  temperature  and 
remain  so,  up  to  the  highest  temperature  used. 
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Five  Fringes  Uniform  Except  Between 

Six  and  Nine,  Where  Extra 
Dip  Exists 


Figure  39.  Thrust  Bearing  at  Nonequilibrium  (60°C) 

These  two  slightly  different  patterns  continued  unchanged  up  to  400°F, 
with  increasing  deformation. 

In  all  of  the  following  examples,  the  concavity  was  greater  under  the  heat¬ 
ing  condition  and  slightly  less  at  equilibrium  (the  scalloping  was  less  during 
heating  and  greater  at  equilibrium): 

•  Nonequilibrium,  262°F  (128°C),  13  fringes  concave,  scalloping  less 
than  one  fringe 

•  Equilibrium,  285°F  (125°C),  11  fringes  concave,  scalloping  1-1/2 
fringes 

•  Nonequilibrium,  290°F  (143°C),  16  fringes  concave,  scalloping 
one  fringe 

•  Equilibrium,  286°F  (140°C),  12  fringes  concave,  scalloping  two  fringes 

•  Nonequilibrium,  352°F  (178°C),  18  fringes  concave,  scalloping 
1-1/2  fringes 
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•  Equilibrium,  348°F  (175°C),  16  fringes  concave,  scalloping  2-1/2 
fringes 

•  Nonequilibrium,  399°F  (204°C),  30  fringes  concave,  scalloping  two 
fringes 

•  Equilibrium,  399°F  (204°C),  26  fringes  concave,  scalloping  2-1/2 
fringes 

If  a  deformation  of  20  microinches  is  the  maximum  allowable,  then  an 
originally  perfectly  flat  part  would  be  out  of  specification  when  2. 1  fringes 
were  visible  or  a  temperature  of  about  126°F  (53°C)  existed. 

Relative  to  cooling,  the  pattern  gradually  changed  from  the  26  fringes  of 
concavity  to  nearly  flat  at  45°C.  While  the  ring  as  a  whole  was  nearly  flat, 
the  individual  sectors  were  tilted  at  many  different  angles  (Figure  40).  The 
numbers  near  the  sectors  denote  the  number  of  fringes.  The  two  sectors  be¬ 
tween  2-3  and  3-4  are  tilted  at  right  angles  to  eadi other,  as  are  3-4  and  4-5. 


Figure  40.  Thrust  Bearing  Cooling  at  Equilibrium  (45°C) 

The  final  shape  after  cooling  overnight  is  shown  in  Figure  41.  The  ring 
as  a  whole  is  essentially  as  flat  as  it  was  at  the  beginning.  The  cross  section 
across  the  ring  is  convex,  more  so  than  it  was  at  the  start.  The  outside, 
turned-down  edge  is  less  noticeable.  The  dip  in  the  edge  at  Slot  8  is  still 
visible.  Hie  hooked  ends  on  die  fringes  at  Slots  3,  4,  and  5  are  still  there, 
but  are  not  shown  in  the  drawing. 

It  may  be  summarized  that  during  heating  or  cooling,  the  thick  vitreous 
flats  may  be  deformed.  The  maximum  deformation  seen  was  3-1/2  fringes. 

At  equilibrium,  this  deformation  disappears. 
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Convex  3 /4-Inch  Fringe 

Tli  CR-3309  | 

Cross  Section 
Figure  41.  Thrust  Bearing  Final  Shape 

Further,  starting  at  very  low  temperatures,  the  bearing  ring  deforms  to 
a  concave  sphere  and  the  individual  facets  or  sectors  become  concave,  giving 
the  bearing  surface  a  scalloped  shape.  This  shape  is  probably  due  to  the  slots 
in  the  surface,  which  weaken  the  ring  and  cause  a  redistribution  of  the  force, 
causing  the  spherical  deformation.  At  400°F,  the  spherical  deformation  over 
the  entire  ring  was  26  fringes  or  247  microinches.  After  cooling,  the  ring 
returned  to  essentially  its  original  shape.  The  only  noticeable  difference  was 
that  the  cross  section  was  more  convex. 

Thrust  Bearing  6-2779 

Figure  42  (the  original  test)  shows  the  plate  as  a  whole  to  be  flat  to  better 
than  one  fringe  and  to  be  convex,  like  a  doughnut  in  cross  section,  with  this 
convexity  about  one  fringe  and  uniform  around  the  ring.  Unlike  the  first  bear¬ 
ing,  which  was  slightly  turned  down  around  the  outer  edge,  this  one  is  turned 
down  on  both  the  inside  and  outside  edges. 

As  soon  as  heating  was  started,  the  plate  became  concave  about  the 
same  amount  as  the  Bearing  1-2780  plate: 
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•  At  60°C  (122°F)  it  showed  eight  fringes. 

•  At  100°C  (212°F),  it  showed  12  fringes  as  practically  concentric 
circles  (Figure  43). 


6 


Slot 


Figure  42.  Thrust  Bearing  Original  Shape 


Figure  43.  Thrust  Bearing  (100°C) 
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At  204°C  (40(fF),  the  plate  was  concave  (23  fringes).  The  scalloping  of 
the  faces  was  less,  only  about  one  fringe,  and  again  these  were  concave.  The 
appearance  was  practically  the  same  as  that  shown  in  Figure  43,  except  there 
were  more  fringes  and  the  inner  ones  were  curved  in  at  the  ends  of  the  faces 
After  cooling,  the  plate  returned  to  its  original  shape. 

The  deformation  of  this  bearing  is  essentially  the  same  in  kind  and 
amount  as  the  deformation  of  the  first  one.  The  total  deformation  was  slightly 
less,  and  the  concaving  of  the  faces  was  less. 

COMPRESSOR  SHAFT  STIFFNESS  TESTS 

A  load  deflection  test  was  made  on  the  first  compressor  shaft.  It  was 
supported  by  its  journals  on  V -blocks  and  weights  suspended  from  the  center. 
The  deflection  was  measured  with  a  capacitance -type  sensing  probe.  The 
results  are  shown  in  Figure  44.  The  deflection  rate  was  measured  at  3.52 
pin. /lb  of  load.  The  corresponding  shaft  spring  rate  is  284,000  lb/ in. 


Figure  44.  First  Compressor  Shaft  Deflection  Versus  Load 
(Shaft  588E454,  3B) 
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Using  the  simple  beam  formula,  like  the  conditions  of  the  test,  the  shaft 
stiffness  is: 


where: 

E  =  Youngs  modulus  (psi) 

I  =  Moment  of  inertia  (in.4) 

S  =  Shaft  spring  rate  (lb/in, ) 

L  =  Span  between  supports  (inches) 

The  corresponding  shaft  stiffness,  El,  is  equal  to  2.245  xlO6  lb-in. a.  This 
value  compares  with  the  design  value  of  7.  28  X  108  lb-in. 8  used  in  the  original 
gas  journal  bearing  design. 

The  original  design  data  were  reexamined  in  light  of  this  variation  in  shaft 
stiffness,  to  determine  the  effect  on  the  compressor  design.  Using  El  =  2.  243 
x  10®  lb-in.  a,  combined  with  the  original  design  data,  produced  a  first  bending 
critical  speed  of  61,076  rpm.  This  is  of  particular  cox  cern  because  it  falls 
below  the  design  operating  speed.  A  rule  of  thumb  for  gas  bearing  design  is 
that  the  first  bending  critical  should  be  at  least  25  percent  above  the  normal 
operating  speed  for  stable  bearing  operation. 

To  verify  that  the  shaft  stiffness  calculated  from  the  load-versus-dis- 
placement  test  was  valid,  a  more  reliable  test  was  devised.  The  shaft,  with  an 
accelerometer  mounted  at  midpoint,  was  hung  from  two  strings  so  that  its  axis 
was  in  a  horizontal  plane.  An  electric  coil  placed  near  the  shaft  was  then  used 
to  excite  the  suspended  shaft,  with  the  input  excitation  controlled  by  a  variable 
frequency  oscillator.  The  output  of  the  accelerometer  was  displayed  on  an 
oscilloscope.  Figure  8  is  a  schematic  diagram  of  the  test  setup.  The  results 
of  the  testing  are  shown  in  Figure  45. 

With  an  input  frequency  of  78,000  cpm,  the  shaft  was  excited;  it  responded 
at  a  frequency  of  156,000  cpm  (Figure  45a).  As  the  input  frequency  was  in¬ 
creased,  the  next  critical  speed  was  noted  with  an  input  frequency  of  156,000 
cpm.  The  response  from  the  shaft  was  at  the  same  frequency  (Figure  45b). 

An  additional  test  was  performed  by  tapping  the  shaft  suspended  on  the  strings 
and  recording  the  output  of  the  accelerometer  mounted  on  the  shaft.  The  re¬ 
sults  are  shown  in  Figure  46.  Counting  the  number  of  cycles  and  dividing  by 
the  time,  based  on  the  sweep  rate  of  the  oscilloscope,  the  response  of  the  ex¬ 
cited  shaft  can  be  determined.  The  results  of  this  test  also  show  that  the 
natural  frequency  of  the  compressor  shaft  was  156,000  cpm. 

The  above  data  indicated  that  the  actual  bending  critical  speed  is  156,000 
rpm  rather  than  the  61,076  rpm  computed.  Additionally,  the  shaft  stiffness 
calculated  from  the  results  of  the  static  load  deflection  test  is  invalid,  and 
determination  of  the  actual  stiffness  value  from  the  dynamic  test  results  be¬ 
comes  possible. 
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a.  Excitation  Frequency  13  Cycles  in  1  0  Milliseconds  =  78,000  Cpm 
Rotor  Frequency  26  Cycles  in  1  0  Milliseconds  =  156,000  Cpm 


b.  Excitation  Frequency  26  Cycles  in  10  Milliseconds  *  156,000  Cpm 
Rotor  Frequency  26  Cycles  in  10  Milliseconds  =  156,000  Cpm 

Figure  45.  Results  of  Turbocompressor  Tests 
for  Natural  Frequency  of  Rotor 
(Excitation  by  Electric  Coil, 

1  ms/Division) 


Figure  46.  Results  of  Turbocompressor  Tests  for  Natural  Frequency 
of  Rotor,  with  Suspended  Rotor  Excited  by  Striking 
(1  ms /Division,  26  Cycles  in  10  Milliseconds  =  156,000  Cpm) 

Using  tilting  pad  bearing  selector  program  JSELCT  to  calculate  the 
first  bending  critical  speed,  iterations  varying  the  shaft  stiffness  were  made 
until  a  first  bending  critical  equal  to  156,000  rpm  was  calculated.  This  oc¬ 
curred  with  an  El  =  1.5  y.  107  lb-in.  2  This  value  is  approximately  double  that 
originally  calculated. 

GAS  BEARING  SIMULATOR 


From  design  analysis  and  distortion  tests,  described  above,  it  was  appar¬ 
ent  that  closely  monitored  tests  should  be  conducted  when  the  gas  bearings 
were  first  installed.  It  is  only  necessary  to  monitor  the  thrust  bearing  and 
journal  bearing  at  the  thrust  bearing  end,  because  the  other  journal  bearing 
would  have  a  less  severe  temperature  distribution.  The  25  watts  from  the 
motor  end  turns  would  not  be  experienced  in  initial  tests,  because  the  motor 
would  not  be  at  full  power. 

The  interstage  leakage  flow  of  0. 19  grams /sec  would  not  be  experienced, 
because  the  impellers  would  not  be  installed  during  initial  tests.  However, 
as  a  source  of  gas  flow,  a  fan  might  be  incorporated  to  simulate  this  cooling 
flow. 

An  expedient  means  of  performing  these  gas  bearing  test  evaluations 
would  be  to  use  Module  B  compressor  parts  as  a  gas  bearing  simulator.  This 
simulator  would  include  both  the  journal  and  the  thrust  bearings.  The  only 
new  parts  that  were  made  were  dummy  impellers  on  either  end  of  the  shaft, 
with  the  same  weight  and  center  of  gravity  as  the  existing  vaned  impellers. 

The  other  details  of  the  gas  bearing  simulator  rig  have  been  described  above 
in  this  section  under  "Design.  " 
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The  gas  bearing  simulator  test  rig  consisting  of  the  compressor  gas  hear¬ 
ing  simulator  mounted  on  two  milling  tables  allows  the  unit  to  be  oriented  in 
any  desired  position..  Tests  would  first  be  conducted  at  ambient  pressure; 
testing  would  also  be  conducted  at  the  design  ambient  pressure,  on  the  order 
of  6  psia. 

The  performance  of  the  bearing  system  would  then  be  evaluated  as  a  func¬ 
tion  of  the  operating  variables: 

•  Orientation 

•  Heat 

•  Speed 

•  Ambient  pressure 

The  orientation  of  the  gas  bearing  simulator  would  be  set  with  the  pair 
of  milling  tables,  as  used  in  the  cleanup  room,  to  *set  the  bearing  clearances. 
Thermocouples  would  be  located  appropriately  to  determine  the  actual  temper¬ 
ature  environment.  The  speed  would  be  regulated  from  0  rpm  to  the  maxi¬ 
mum  design  speed  of  95,000  rpm.  The  gas  bearing  ambient  pressure  would 
be  regulated  by  using  a  suction  blower,  on  the  enclosure,  that  would  pull  the 
pressure  down  to  the  nominal  6  psia  ambient  pressure  of  the  gas  bearing  system. 

When  the  compressor  bearing  system  had  been  proven  at  1-g  loads  in 
different  orientations,  consideration  would  be  given  to  testing  the  gas  bearing 
simulator  under  shock  loads  to  the  3-g  design  requirements. 

It  was  anticipated  that  the  gas  bearing  simulator  using  Module  B  parts 
would  be  assembled  and  operated  in  parallel  with  the  Module  A  complete 
compressor,  depending  on  the  availability  of  component  parts. 

Complete  instrumentation  was  planned  to  be  incorporated  into  the  gas 
bearing  simulator.  The  initial  approaches  were: 

•  Proximity  Probes 

Mounted  on  one  of  the  two  lower  pads,  facing  the  shaft.  Three 
probes  would  be  mounted  in  a  line,  just  ahead  of  or  just  behind 
a  line  through  the  pivot  point,  to  measure  close  to  the  actual  gas 
pivot  film  thickness.  This  positioning  would  provide  a  measure¬ 
ment  of  the  combined  pad  and  shaft  distortion  and  single-pad 
bearing  performance. 

Mounted  on  the  upper  spring-loaded  pad.  Two  probes  would  be 
mounted  axially  in  line  with  the  pivot  point,  outboard  on  either 
end  of  the  pad.  This  placement  would  provide  the  spring  pad 
bearing  performance  data  and  would  also  provide  performance 
assurance  of  the  stem  spring  rate. 
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Mounted  stationary,  facing  the  outer  gimbal  ring  between  gim- 
bal  pivots,  for  gimbal  ring  oscillation. 

Mounted  stationary,  facing  the  back  of  the  thrust  bearing  be* 
tween  the  gimbal  pivots,  for  thrust  bearing  oscillation. 

Mounted  outboard  of  the  thrust  bearing.  A  probe  at  a  gimbal 
pivot  and  a  probe  90  degrees  from  a  gimbal  pivot  would  be  used 
to  measure  any  distortion  around  the  thrust  bearing.  These 
measurements  would  also  provide  load  versus  film  thickness 
performance  data. 

Mounted  at  either  end  of  the  shaft.  This  placement  would  pro* 
vide  a  basis  for  correlating  any  axial  motion  in  conjunction  with 
any  gimbal  or  thrust  bearing  motions.  Special  probe  supports 
would  be  made,  because  the  scrolls  that  normally  support  these 
probes  would  not  be  installed. 

Mounted  (a  pair  of  X-Y  probes)  on  the  motor  side  of  the  thrust 
bearing,  as  in  the  prototype  unit. 

Mounted  (a  pair  of  X-Y  probes)  on  the  non-thrust-bearing  end 
of  the  shaft,  as  in  the  prototype. 

Mounted  (one  probe)  on  the  leading  edge  of  a  pad,  as  in  the  pro¬ 
totype  compressor. 

•  Thermocouples 

Mounted  at  the  inside  and  outside  diameters  of  the  thrust  bear¬ 
ing,  both  at  the  pivot  points  and  between  pivot  points. 

Mounted  at  the  gimbal  ring,  at  pivot  points  and  between  pivot 
points. 

Mounted  on  the  inside  of  the  housing  and  on  both  cooling  fins  at 
three  radii. 

Mounted  on  the  pad  near  the  pivot  point. 

Mounted  on  the  stem  near  the  pivot  point. 

NOTE:  The  temperature- sensitive  point  would 
be  used  on  the  shaft  to  obtain  approximate  max¬ 
imum  operating  temperatures  and  maximum 
temperature  gradients. 

Two  new  capacitance  probes  had  to  be  designed  for  monitoring  the  thrust 
bearing  and  the  thrust  bearing  gimbal  motion.  Size  and  temperature  require¬ 
ments  precluded  the  use  of  existing  probes.  The  mounting  of  capacitance 
probes  onto  journal  pads  was  abandoned  because  of  the  long  installation  time 
required.  The  remainder  of  the  instrumentation  was  as  outlined  above. 

The  first  compressor  module  was  to  be  assembled  in  the  clean  room, 
without  the  thrust  bearings  installed.  The  journal  bearings  and  motor  drive 
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would  be  test-evaluated  at  low  speed.  Then  the  dummy  wheels  and  thrust 
bearings  would  be  installed,  and  this  complete  assembly  would  be  operated 
at  low  speed.  This  assembly  would  then  be  installed  and  operated  outside  the 
clean  room  at  the  gas  bearing  simulator  test  station.  The  assembly  would 
be  operated  up  to  full  design  speed. 

CLOSED  CYCLE  COMPRESSOR  TEST  LOOP 


The  closed  cycle  compressor  test  loop  assembly  (Figure  47)  was  nearly 
complete  when  work  was  stopped.  Figure  48  shows  a  mockup  of  the  compres¬ 
sor  module  in  place  in  the  loop.  After  completion  of  the  assembly,  the  in¬ 
strumentation  was  to  have  been  installed  in  conjunction  with  the  data  acqui¬ 
sition  syste  n . 

The  compressors  would  be  assembled  and  given  a  preliminary  rotational 
test  in  a  clean  room.  With  the  clean  air,  running  the  machine  at  certain 
stages  in  the  assembly  will  be  feasible.  Appendix  II,  "Assembly  Procedures 
for  U.  S.  Air  Force  High-Speed,  Two-Stage,  Centrifugal  Compressor,"  of  the 
Phase  B  final  report  is  the  basis  for  the  sequence  to  be  used. 

The  first  test  would  have  been  made  without  the  thrust  bearings  and  im¬ 
pellers.  To  limit  axial  motion,  special  nylon  stops  would  be  mounted  in  the 
scrolls  in  place  of  the  axial  proximity  sensors.  Behavior  of  the  rotor  and 
journal  bearings  would  be  monitored  at  speeds  up  to  30,000  rpm.  Pad  motion 


Figure  47.  Closed  Cycle  Test  Loop  Assembly 
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Figure  48.  Mockup  of  Compressor  Module  in  Place  in  Loop 

of  the  rotor  and  journal  bearing  would  be  monitored  with  capacitance,  non* 
contacting  sensors.  Speed  would  be  measured  using  a  magnetic  probe  trans- 
ducer,  sensing  notches  on  the  periphery  of  the  thrust  runner.  Any  adjust¬ 
ments  to  the  bearing  clearance  could  be  made  at  this  time.  The  electrical 
control  performance  would  be  assessed  at  this  time,  and  instrumentation  to 
measure  voltage,  current,  and  frequency  would  be  used. 

The  next  test  step  would  be  to  install  the  thrust  bearings  and  repeat  the 
operational  checks  outlined  above.  In  addition,  with  the  thrust  bearings  in 
place,  behavior  could  be  observed  with  the  compressor  mounted  with  the 
rotor  in  a  vertical  orientation.  Successful  operation  of  the  compressor  under 
the  above  conditions  would  complete  the  planned  running  in  the  clean  room. 

The  impellers  would  be  assembled  on  the  rotor,  and  testing  would  be  continued 
with  the  compressor  installed  in  the  closed  loop  of  the  compressor  test  station. 
The  latest  arrangement  of  the  compressor  test  station  is  shown  in  Figure  49. 
The  actual  test  loop  is  shown  in  Figure  47,  and  a  closeup  of  the  compressor 
connections  is  shown  in  Figure  48. 

Helium  gas  enters  the  first  stage  of  the  compressor  through  a  filter,  and 
the  heat  added  is  removed  by  an  aftercooler.  The  flow  passes  to  the  second- 
stage  compressor,  and  the  heat  added  by  the  second-stage  compressor  is 
again  removed  by  an  aftercooler.  The  flow  leaves  the  second-stage  aftercool¬ 
er  and  enters  a  How-straightening  element  upstream  of  a  square-edged  orifice 
metering  element.  The  How  passes  through  the  orifice  and  throttle  valve  and 
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Figure  49.  Motor -Compressor  Test  Station 


returns  to  the  first-stage  duct.  A  solenoid  surge  relief  valve  nas  been  intro¬ 
duced  to  provide  instant  correction  of  any  accidental  excursion  into  the  surge 
region  of  the  compressor. 

The  loop  will  be  evacuated  by  a  diffusion  and  roughing  pump  system  oper¬ 
ating  through  a  cold  trap  to  prevent  backstreaming  of  pump  oil  from  contami¬ 
nating  the  system.  The  purity  of  the  helium  gas  admitted  to  the  system  will 
be  monitored  by  oxygen  and  moisture  analyzers. 

The  first  runs  of  the  compressor  in  the  loop  would  affirm  the  starting  and 
mechanical  operation,  as  established  by  the  preliminary  tests  conducted  in  the 
clean  room.  Then  full  performance  testing  would  be  undertaken. 

Both  functional  and  performance  tests  would  be  conducted.  The  vests  fall 
into  three  general  categories: 

•  Bearing  Tests 

Establish  bearing  stability  along  the  line  of  the  design  specific 
speed,  with  the  shaft  in  both  the  horizontal  and  vertical  positions 
(horizontal  first). 
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Investigate  the  rotor  critical  speeds.  All  of  the  critical  speeds 
in  the  running  range  (0  to  95,000  rpm)  were  predicted  to  be 
rigid  rotor  (bearing  system)  criticals. 

•  Aerodynamic  Tests 

Establish  a  performance  map  for  each  stage,  as  shown  in  Fig¬ 
ure  50.  Establish  the  design  specific  speed  line  first,  then  probe 


Figure  50.  Performance  Map 

to  the  right  (higher  mass  flow)  on  the  50-percent  speed  line, 
and  then  repeat  at  the  75-  and  100-percent  lines.  Finally,  probe 
cautiously  to  the  left  to  experimentally  establish  the  surge  line 
Use  will  be  made  of  a  quick  opening  bypass  valve,  around  the 
throttle  valve,  to  allow  rapid  escape  from  the  surge  region. 

•  Electrical  Tests 

Establish  motor  performance  by  measuring  voltage,  current, 
frequency,  and  phase  angle  for  each  operating  point. 


The  following  data  would  be  recorded: 

Parameter 

Pressures 


Symbol 


First-stage  inlet 

PI 

First- stage  pressure  rise 

Pl-2 

Second- stage  inlet 

P3 

Second- stage  pressure  rise 

P5-3 

Internal,  second  stage 

P4A, 

Orifice,  inlet 

P6 

Orifice,  AP 

P7-6 

P4B,  P4C,  P4D 
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Parameter  Symbol 

Temperatures 

• 

First-stage  inlet  T1 

First-stage  discharge  T2 

Second- stage  inlet  T3 

Second- stage  discharge  T5 

Orifice,  inlet  T6 

First- stage  aftercooler 

Inlet  Til 

Outlet  T12 

Second-stage  aftercooler 

Inlet  T13 

Outlet  T14 

Motor  coolant 

Inlet  T15 

Outlet  T16 

Coolant  Flow 

First- stage  aftercooler  Q1 

Second- stage  aftercooler  Q2 

Motor  Q3 

Speed  (rpm)  N 


Using  the  position  probes  listed  below,  the  following  would  be  recorded 
with  a  scope  camera: 

•  Orbit  type 

•  Orbit  diameter 

Major 

Minor 

•  Thrust  bearing 

Peak-to-peak  excursion 
Oscillation  frequency 

The  proximity  probes  to  be  use*,  would  be: 


Probe  Symbol 


Shaft,  first- stage  end,  radial  XI 

Shaft,  first-stage  end,  rtidial  Y1 

Shaft,  second- stage  end,  radial  X2 

Shaft,  second- stage  end,  radial  Y2 

Shaft,  first- stage  end,  axial  A1 
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Probe 

Symbol 

Shaft,  second-stage  end,  axial 

A2 

Impeller,  first- stage,  axial 

11 

Impeller,  second- stage,  axial 

12 

Pad,  radial 

P 

The  following  performance  parameters  would  be  calculated: 

Component  Parameter 

Compressor  Head,  isentropic 

Flow,  normalized  mass 
Speed,  normalized 
Efficiency,  overall 
Efficiency,  aero 

Motor  Pressure  ratio 

Electromagnetic  efficiency 
Motor  losses 
Input  power 
Output  power 

A  major  effort  of  this  program  has  been  to  design  an  efficient  motor- 
compressor  to  minimize  the  required  electrical  input  power.  An  analysis 
has  been  made  to  determine  the  degree  of  accuracy  required  for  pressure 
instrumentation. 

Adiabatic  gas  power  is  of  basic  concern  to  the  system.  The  work  per 
pound  to  compress  the  gas  is  proportional  to  PfO1-1)' 1 k,  where  Pr  is  the  pres¬ 
sure  ratio  and  k  is  the  ratio  of  the  specific  heats  for  the  gas.  For  helium, 
k  *  1.  665. 

To  illustrate  the  sensitivity  of  the  power-to-pressure  measurement,  the 
following  representative  values  are  assumed: 

Pin  -  5  psia 
Pout  =  6  Psia 

Errors  =  0.  03  psia,  maximum  (typical  of  a  0-  to  35-psia  ' 

Heise  pressure  gage) 

Pin  and  AP  must  be  measured.  Both  have  maximum  error  in  opposite  direc 
tions.  Thus: 

Pin  ■  5.  03 
AP  =  0.  97 

Pr  =  6.00/5.  03  =  1.  1928 
Error  in  Pr  ■  0.  0072 
Percent  of  error  in  Pr  =  0.  60 


This  does  not  appear  to  be  too  bad,  but  the  percent  of  error  in  indicated 
power  becomes: 

(  £) 

k 

11  1  VI V  M 

Percent  of  error  in  power  =  100 


1. 1928 


i  W  iii 

L  -  1/  \  1.2  k  -1 


k-1  _  1. 665  -  1  _  0. 665 
k  “  1.665  "  1.665 


k-i 

1.2  k  -  1 


0.3992 


Percent  of  error  = 


_ 1(1.  0227  -  1)  -  (1.  0234  -  _ _ 

100  Q - 1,0234  -  1 - J  *8.0  percent 


This  percent  is  very  substantial;  therefore,  it  is  planned  to  use  pressure 
transducer  instruments  with  maximum  errors  of  0.  01  psi.  These  pressure 
transducers  will  have  a  voltage  output  that  can  be. recorded  directly  on  the 
teletype  data  logging  system. 


TURBOCOMPRESSOR  HARDWARE  STATUS 


All  work  was  stopped  on  the  manufacture  of  hardware  for  the  turbocom¬ 
pressor.  The  status  described  below  reflects  parts  presently  complete  and 
the  estimated  percent  of  completion  of  the  incomplete  hardware. 

MODULE  A 


All  hardware  is  available  for  the  Module  A  build,  if  the  initial  hardware 
were  used  for  Module  A  in  lieu  of  the  gas  bearing  simulator. 

MODULE  B 


One  shaft  is  required;  the  work  on  three  shafts  was  stopped  in  process. 
The  shaft  center  sections  have  been  balanced,  and  one-  journal  end  has  been 
welded  to  each  shaft.  Work  remaining  includes  welding  the  other  journal  end 
to  the  shaft,  nitriding,  final  machining  and  grinding,  and  final  balancing.  The 
estimated  stage  of  completion  is  50  percent. 

The  third-  and  fourth- stage  scroll  housings  have  been  cast  and  have 
satisfactorily  passed  receipt  inspection.  No  machining  has  been  performed. 
The  estimated  stage  of  completion  is  25  percent. 

Four  more  journal  bearing  pads  are  required  for  Module  B;  work  on  11 
pads  was  stopped  in  process.  The  journal  surfaces  have  been  flame- sprayed 
with  tungsten  carbide.  Final  grinding  and  lapping  was  not  begun.  The  esti¬ 
mated  stage  of  completion  is  75  percent. 
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One  more  solid  bearing  stem  is  required  for  Module  B;  work  on  three 
was  stopped  in  process.  These  three  stems  were  found  to  have  soft  tips  on 
the  balls,  caused  by  defective  nitriding.  The  nitriding  must  be  stripped,  and 
the  parts  must  be  replated  and  then  reground  and  polished.  The  estimated 
stage  of  completion  is  25  percent. 

Two  thrust  bearings  are  required  for  Module  B;  work  on  three  was 
stopped  in  process.  Plating  is  complete,  and  lapping  and  grinding  of  the  pock 
ets  was  not  begun.  The  estimated  stage  of  completion  is  50  percent. 

The  core  of  the  stator  has  been  manufactured,  but  no  windings  have  been 
made.  The  estimated  stage  of  completion  is  25  percent. 

GAS  BEARING  SIMULATOR 


All  of  the  hardware  for  the  gas  bearing  simulator  is  complete,  with  the 
exception  of  several  assembly  tools.  The  intent  was  to  use  Module  B  parts, 
where  possible,  for  this  test  assembly.  In  the  case  of  the  bearing  pads  and 
stators,  the  first  completed  set  was  to  be  used  for  the  gas  bearing  simulator, 
with  the  next  set  of  parts  being  used  for  the  Module  A  build.  Upon  comple¬ 
tion  of  the  gas  bearing  simulator  test,  the  hardware  from  thiB  assembly  would 
be  used,  where  possible,  to  build  Module  B. 
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Section  3 


TURBO  ALTERNATORS 


FABRICATION 

All  of  the  original  design  components  required  for  the  Module  A  turbo¬ 
alternator  have  been  completed,  and  preliminary  evaluation  tests  on  the  first 
and  second  stages  were  made  individually  by  operating  single-stage  turbo  - 
alternator  assemblies  in  the  open  cycle  test  station. 

The  only  parts  not  manufactured  for  the  Module  B  turboalternator  are 
the  turbine  wheels  and  nozzles  for  the  third  and  fourth  stages. 

Some  additional  redesigned  or  modified  parts  were  also  manufactured 
to  improve  problem  areas  in  manufacturing  and  difficulties  encountered  in 
the  operation  of  the  turboalternator  assemblies. 

The  status  of  turboalternator  parts  that  were  being  manufactured  are 
described  in  the  following  paragraphs. 

SHAFTS 


Five  new  shafts  were  in  process  during  this  reporting  period.  One  of 
the  five  shafts  being  machined  in  preparation  for  copper  plating,  prior  to 
nitriding,  separated  at  the  braze  joint  between  the  magnet  and  the  stainless 
steel.  The  brazed  joints  on  all  five  shafts  were  inspected  and  subjected  to 
a  120-pound  axial  load  pull  test  when  they  were  received  from  the  Hamilton 
Watch  Company.  The  brazed  joints  appeared  to  he  sound.  However,  exam¬ 
ination  of  the  separated  joint  showed  little  evidence  of  any  braze  material 
present,  indicating  that  machining  the  shaft  diameter  to  size  must  have  re¬ 
moved  all  of  the  brazing  material  that  was  initially  present  on  the  outer 
diameter. 

Other  methods  of  testing  the  shaft-to- magnet  brazed  joints  were  explored 
to  ensure  that  the  remaining  shafts  have  satisfactory  bi'azed  joints. 

Three  old,  obsolete  turboalternator  shafts,  of  0.  261 -inch  diameter,  made 
of  the  same  materials  and  with  nitride -hardened  cases,  were  subjected  to 
bend  tests.  The  shafts  were  placed  on  a  fixture  with  the  magnets  centered 
between  two  cradle  supports,  spaced  1. 125  inches  apart.  Bending  loads  were 
applied  to  the  top  of  the  shafts  at  the  center  of  the  magnets  by  an  Instron  Ten¬ 
sile  Testing  Machine  from  which  the  loading  could  be  applied  in  a  pulling  or 
pushing  direction.  The  rate  of  the  loading  applied  to  the  shafts  by  the  Instron 
Machine  could  be  controlled  to  very  slow  speeds,  and  the  loads  applied  were 
measured  by  a  calibrated  pressure  transducer  and  recorded  on  a  strip  chart 
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recorder.  Deflection  of  each  shaft  was  measured  in  microinches  by  a  Fed¬ 
eral  Products  Corporation  electronic  indicator  as  loads  were  applied. 

The  objectives  of  the  tests  were  to: 

•  Determine  the  elastic  limit  of  the  materials  in  the  shafts. 

•  Establish  uniformity  of  the  brazed  joints  in  the  three  samples. 

•  Examine  the  condition  of  the  brazed  joints  in  the  test  shafts. 

Each  of  the  three  shafts  was  individually  loaded  in  four  positions,  90 
degrees  apart,  for  detection  of  any  variations  in  the  brazed  joints  around  the 
circumference  of  the  shafts.  Loads  were  applied  gradually,  up  to  maximums 
of  20,  40,  100,  140,  and  200  pounds.  During  loading,  the  linearity  of  the  de¬ 
flections  was  examined.  After  a  maximum  load  was  reached,  the  load  was 
removed,  and  the  shaft  deflection  was  measured  to  ensure  that  the  initial 
zero  position  repeated.  Measured  runout  of  the  shafts  was  also  tested  after 
each  loading  by  rotating  the  shafts,  supported  on  small  V-blocks,  with  a 
0.  0001 -inch  indicator  to  measure  any  variation  in  the  shaft  at  the  center  of 
the  magnet. 

All  three  samples  tested  satisfactorily  up  to  the  200-pound  loading.  The 
deflections  on  each  shaft  agreed  very  closely  in  all  four  positions,  and  there 
were  no  indications  of  permanent  deformation.  The  deflection  at  200  pounds 
was  0.  0012  inch. 

One  sample  was  then  loaded  slowly  to  275  pounds,  in  one  position.  The 
chart  recording  the  load  showed  a  variation  in  the  rate  of  loading  near  250 
pounds,  indicating  a  yield  point  had  been  reached,  and  the  initial  zero  load 
deflection  did  not  repeat  when  the  load  was  removed.  This  was  also  confirmed 
by  measuring  a  0.  0004-inch  runout  at  the  center  of  the  magnet. 

The  same  shaft  was  then  subjected  to  a  breaking  test,  in  an  effort  to  ex¬ 
pose  one  of  the  brazed  magnet  joints  to  determine  the  quality  of  the  braze. 

A  more  heavily  constructed  fixture  was  designed  to  maintain  the  1. 125-inch 
spacing,  and  the  load  was  applied  at  a  rate  of  0.  002  in.  /min  until  the  breaking 
point  was  reached  at  912  pounds.  The  break  was  uniform  at  one  of  the  brazed 
magnet  joints.  Examination  of  the  broken  joint  showed  a  uniform  brazed  area 
approximately  1/32  inch  wide  around  the  outer  circumference  and  deteriora¬ 
tion  toward  the  0. 1254-inch-diameter  magnet  pilot  in  the  center  of  the  shaft. 
There  was  an  unbrazed,  oxidized  area  approximately  1/64  inch  square  near 
the  pilot  hole,  and  there  was  no  braze  on  the  pilot  portion  of  the  assembly. 

The  broken  magnet  pilot  was  loose  in  the  stainless  steel  section  of  the  shaft. 
However,  this  brazed  joint  withstood  much  greater  bending  forces  than  a 
turboalternator  shaft  would  ever  be  subjected  to  in  actual  use.  Therefore, 
tests  on  the  other  two  sample  shafts  were  not  continued,  because  they  appeared 
to  be  nearly  as  strong  as  or  stronger  than  the  broken  shaft. 


The  four  new  turboalternator  shafts  were  then  machined  to  a  diameter 
0.  010  inch  oversize,  to  remove  the  major  part  of  the  material  from  the  outer 
diameter  and  still  allow  removal  of  material  to  clean  any  dents  that  might  be 
incurred  in  the  soft  material  during  the  bend  tests  prior  to  nitriding.  Each 
shaft  was  then  subjected  to  the  bending  tests  described  above,  with  a  maxi¬ 
mum  loading  of  130  pounds  in  four  positions  90  degrees  apart.  All  four  shafts 
successfully  passed  the  bend  tests  and  have  been  processed  through  nitriding. 

The  bend  tests  were  to  be  repeated  after  nitriding  to  ensure  that  the  brazed 
joints  were  not  damaged  during  the  nitriding  process. 

FIRST-STAGE  ALUMINUM  TURBINE  WHEEL 


Inspection  of  the  first-stage  aluminum  turbine  wheel  used  in  several 
turboalternator  assemblies  has  indicated  slight  galling  and  possible  out-of- 
roundness  of  the  wheel  bore  after  many  wheel-to- shaft  assemblies.  The  air 
gage  used  to  measure  the  bore  diameter  indicates  the  required  minimum  in¬ 
terference  fit  of  0.0003  inch;  however,  the  air  gage  gives  an  average  meas¬ 
urement  and  does  not  measure  out-of-roundness.  Therefore,  the  actual  surface 
contact  may  be  less  than  indicated  by  the  measurements,  and  the  holding  force 
may  not  be  sufficient  to  maintain  the  wheel  position  on  the  shaft  at  lower  cem- 
peratures .  An  order  was  placed  with  the  Andrews  Engineering  Compan;  to 
machine  a  new  first-stage,  aluminum  turbine  wheel. 

The  new  first- stage  aluminum  turbine  wheel  from  the  Andrews  Engineer¬ 
ing  Company  has  been  received  and  inspected.  The  wheel  dimensions  and  the 
blade  geometry  were  measured  and  found  to  be  within  the  drawing  specifica¬ 
tions.  The  turbine  wheel  was  then  deburred,  principally  at  the  blade  trailing 
edges,  and  the  chemical  protective  coating  and  the  lubricative  plating  were 
applied  to  the  bore.  This  wheel  is  now  available  to  replace  the  existing  first- 
stage  turbine  wheel. 

JOURNAL  BEARING  PADS 

Because  problems  have  been  encountered  in  the  operation  of  turboalter¬ 
nators  using  journal  bearings  with  spherical  pivot  sockets,  two  experimental 
pieces  were  made  to  determine  the  feasibility  of  grinding  flat  surfaces  at  the 
bottom  of  the  0.  078-inch-diameter  pivot  hole.  Both  pieces  proved  satisfac¬ 
tory.  Special  grinding  techniques  were  established  to  produce  satisfactory 
methods  for  grinding  and  polishing  the  flat-bottom  and  cylindrical  walls  of 
the  pivot  sockets. 

A  lot  of  30  tilting  pads  of  the  new  flat  bottom  pivot  socket  design  (Figure 
51)  were  machined  for  nitriding. 

Three  sample  pads  were  sent  for  nitriding,  to  evaluate  the  hardness  of 
the  pivot  holes.  All  three  pads  meet  hardness  specifications.  Dye  tests 
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Figure  51.  Modified  Tilting  Pad  Journal  Bearing  (All  Dimensions  in  Inches) 


were  also  made  on  the  critical  surfaces  of  the  pads,  revealing  no  indication 
of  cracking.  Then  15  of  the  30  bearings  were  nitrided.  Inspection  of  the 
nitrided  pads  showed- that  cracks  had  developed  at  the  corners.  Further  in¬ 
spection  showed  the  nitrided  case  depth  was  4  mils  thick,  which  is  thicker 
than  specified  and  undoubtedly  contributed  to  this  cracking  at  the  corners. 

To  remove  the  corner  cracks,  the  outer  edges  of  all  15  of  these  journal  bear¬ 
ing  pads  were  ground  to  remove  0.  006  inch  of  material  from  each  of  the 
four  edges. 

The  journal  bearing  surfaces  were  then  rough-lapped  prior  to  final 
polishing.  During  the  lapping  operation,  it  was  noted  that  the  radius  of  the 
journal  surface  had  increased  more  than  expected  after  nitriding.  This  ef¬ 
fect  is  normally  a  function  of  the  nitrided  case  depth;  it  was  believed  that 
there  was  a  sufficient  case  depth  to  correct  the  radius  within  the  drawing 
specifications  without  breaking  through  the  case.  The  journal  bearings  ap¬ 
peared  to  be  satisfactory  after  rough  lapping,  but  inspection  of  the  journal 
surfaces  after  polishing  showed  that  the  case  had  been  broken  through  on 
eight  of  the  pads  and  they  had  to  be  rejected. 

The  pivot  holes  in  the  remaining  seven  journal  bearing  pads  were  ground 
and  lapped.  During  the  grinding  and  lapping  process,  it  was  observed  that 
there  are  minute  cracks  on  the  surface  of  the  pivot  socket  flat.  Attempts  were 
made  to  dislodge  the  nitride  case,  but  it  could  not  be  chipped  off.  Neverthe¬ 
less,  these  cracks  represent  a  potential  contamination  hazard  in  a  very  sensi¬ 
tive  area  near  the  pivot  ball  in  addition  to  the  general  particulate  contamina¬ 
tion  problem. 

The  vendor,  Owego  Heat  Treat  Company,  had  been  contacted  several 
times,  and  engineers  there  believed  the  case  depth  could  be  controlled.  How¬ 
ever,  when  the  above  lot  of  15  journal  bearing  pads  were  nitrided,  with  speci¬ 
fication  to  provide  a  uniform  case  depth  of  0.  0025  to  0.  0030  inch,  the  pads 
were  received  with  case  depths  over  0.  004  inch  on  the  journal  surfaces  but 
considerably  less  in  most  of  the  pivot  sockets.  Corporate  Research  and  De¬ 
velopment  manufacturing  was  unable  to  salvage  six  usable  journal  bearing  pads 
out  of  the  15  for  a  turboalternator  assembly. 

One  of  Corporate  Research  and  Development's  manufacturing  engineers 
visited  the  nitriding  vendor  to  discuss  the  problems  experienced  with  the  above 
nitrided  journal  bearing  pads  and  arrive  at  a  solution.  One  pad  was  left  to  be 
processed,  as  a  sample  to  prove  that  a  uniform  case  and  exact  depth  could  be 
obtained.  When  the  pad  was  received,  the  journal  surface  was  satisfactory, 
but  the  pivot  hole  was  soft  on  the  bottom. 

In  view  of  the  above  difficulties,  with  nitrided  stainless  steel  pads,  alter¬ 
nate  bearing  pad  materials  were  considered  that  would  provide  the  hardness 
without  a  separate  coating  or  plating  process.  A  promising  candidate  is  Ken- 
tanium  —  a  sintered  powdered  metal  consisting  of  titanium  carbide  as  the 
principal  ingredient  and  nickel  and  nickel-molybdenum  as  the  binder  materials. 
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Since  Kentanium  has  a  lower  coefficient  of  thermal  expansion,  the  ma- 
chined-in  clearance  will  be  larger  at  low  temperatures  in  comparison  to 
stainless  steel  pads,  because  the  pad  radius  will  not  shrink  as  much.  This 
is  the  proper  direction  for  increased  stability  and  increased  load  capability 
for  the  low  viscosity  to  be  experienced  at  low  temperatures,  because  the  non- 
dimensional  film  thickness  is  decreased  for  the  same  actual  pivot  film  thick¬ 
ness.  With  this  trend,  and  with  the  load  capability  increase,  a  slight  increase 
in  bearing  friction  will  be  experienced. 

Three  samples  ~f  Kentanium  recommended  for  use  at  extreme  tempera¬ 
tures  were  obtained:  grades  K-151A,  K-162B,  and  K- 165.  The  hardness  of 
these  materials  ranges  from  90.  0  to  93.  5  Rockwell  A. 


Test  samples  of  each  grade  were  prepared  for  cryogenic  testing  by  grinding 
a  V-notch  across  one  surface  and  shocking  the  materials  by  quenching  re¬ 
peatedly  in  liquid  nitrogen  from  room  temperature.  No  fractures  or  cracks 
were  visible  upon  examination  of  the  samples  under  a  60-power  microscope. 

Friction  and  wear  tests  were  also  made  on  the  Kentanium  samples  and  on 
a  sample  of  nitrided  316  stainless  steel  in  a  Dow  Corning  testing  machine.  The 
samples  were  all  in  the  form  of  blocks  measuring  3/8  x  5/8  x  0.212  inch 
with  one  face  5/8  inch  x  0.212  inch  polished  to  a  No.  2  finish,  representative 
of  the  bearing  surface  of  a  finished  tilting  pad  bearing.  The  samples  were  all 
tested  under  the  same  conditions,  riding  against  a  rotating  ring  of  316  stain¬ 
less  steel  1-3/8  inches  in  diameter,  nitrided  and  ground  on  the  outside  diameter 
to  a  2-rms  finish,  representative  of  the  journal  surface  on  a  finished  shaft. 


Each  material  sample  was  tested  against  its  own  individual  nitrided  ring 
under  clean  conditions.  All  tests  were  run  dry.  Each  test  block  was  held 
against  the  ring,  producing  a  line  contact  by  a  holder  designed  to  equalize  the 
pressure  across  the  contact  surface.  The  applied  load  ranged  from  a  minimum 
of  2  pounds  to  a  maximum  of  10  pounds.  The  speed  of  the  rotating  ring 
could  be  varied  from  0  to  1300  rpm.  Tests  were  made  at  500  and  1300  rpm. 
The  testing  machine  is  not  designed  for  light  load  conditions.  The  friction 
force  is  measured  through  a  transducer  and  recorded  on  a  Hewlett-Packard 
recorder  calibrated  for  this  application.  The  unit  force  is  measured  in  pounds. 
Therefore,  the  dynamic  coefficient  of  friction  can  be  calculated: 


Friction  load  (pounds) 
Applied  load  (pounds) 


=  Dynamic  coefficient  of  friction 


Surface  speed  (ft/min)  can  be  calculated: 

(rpm)  ( it )  (D  inches) 

Ns  =  — - - Jr, - =  D  =  test-ring  diameter 


Ns  =  «300><;>»-3»>  -  470  (ft/min) 
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The  equivalent  turboalternator  shaft  speed  is  6873  rpm. 


The  dynamic  coefficient  of  friction  calculated  from  testing  is: 

_ Dynamic  Coefficient  of  Friction 


Speed 

(rpm) 

Load 

(pounds) 

Nitrided  316 
Stainless 
Steel 

K-165 

Kentanium 

K-151A 

K-162B 

500 

10 

1.  2 

0.  8 

1.2 

0.  75 

1300 

10 

1.2 

0.  55 

0.  5 

1.  0 

In  summary: 

•  The  nitrided  stainless  steel  scored  first  under  the  light  load 
conditions. 

•  The  nitrided  stainless  steel  eroded  away  more  material  than  any  of 
the  other  materials. 

•  Kentanium  K-165  showed  only  a  shiny  wear  line  at  the  contact,  with 
little  debris  compared  to  the  K-151A  and  K-162B  samples. 

Based  on  the  above  test  results,  an  order  was  placed  for  15  Kentanium 
K-165  journal  bearing  pads,  to  be  sintered  in  molds  of  appropriate  dimensions 
to  reduce  the  total  amount  of  machining  and  provide  sufficient  material  to  finish 
machine  the  pads  within  drawing  specifications.  Dimensional  inspection  of  the 
pads  received  showed  the  dimensions  to  be  greater  than  anticipated.  This 
could  be  corrected  in  the  future,  however,  if  the  pads  prove  to  be  satisfactory. 

Machining  of  the  15  Kentanium  K-165  journal  bearing  pads  of  the  flat- 
bottom  pivot  socket  design  has  been  completed.  Three  of  the  15  pads  cracked 
during  machining,  leaving  12  usable  pads.  The  first  set  of  six  journal  bearing 
pads  has  been  completed,  with  the  journals  and  pivot  sockets  finish-lapped. 

JOURNAL  BEARING  SPRING  STEMS  (DOUBLE-SPRING  DESIGN) 


The  spring  thickness  on  the  weaker  spring  of  two  journal  bearing  double¬ 
spring  stems  was  adjusted  to  approximately  0.  008  inch.  This  adjustment  pro¬ 
duced  spring  constants  of  280  lb/in. ,  ±5  percent,  well  within  design  specifications. 

To  complete  the  stems,  a  0.  001 -inch  slot  must  be  machined  in  the  second 
stiffer  spring  stop,  to  limit  the  spring  travel.  The  second  spring  would  have  to 
be  calibrated  and  adjusted  as  required  to  meet  the  design  specification  spring 
constant  of  800  to  1050  lb /in. 

JOURNAL  BEARING  PIVOT  STEMS 

Sixteen  bearing  stems  with  the  0.  077-inch-diameter  pivot  balls  developed 
spalling  during  the  final  grinding  operation  on  the  stems.  Because  spalling  of 
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the  nitrided  case  on  the  stems  could  generate  particulate  contamination  in 
the  turboalternators,  the  bearing  stems  have  been  rejected.  A  new  set  of  16 
bearing  stems  was  started  in  manufacturing.  The  new  stems  were  dimen¬ 
sioned  to  allow  removal  of  the  nitrided  case  on  the  stems,  in  order  to  elimi¬ 
nate  this  problem. 

Fifteen  tungsten  carbide  balls,  0.  077  inch  in  diameter,  were  purchased 
and  copper-brazed  to  304L  stainless  steel  stems.  The  excess  braze  was  re¬ 
moved  from  the  balls,  and  the  stems  were  ground  concentric  to  the  ball  end. 
This  new  design  of  journal  bearing  pivot  stems  will  be  used  with  the  above 
Kentanium  journal  bearing  pads.  Six  stems  were  completed.  Two  of  the 
completed  stems  were  modified  and  assembled  in  two  of  the  journal  bearing 
single- spring  stems. 

THRUST  BEARING  GIMBAL  PIVOTS 


The  present  design  of  the  thrust  bearing  gimbals  use  pivot  balls  0.  013 
inch  smaller  than  the  mating  socket  diameter.  Slight  variations  in  the  rela¬ 
tive  position  of  the  thrust  bearings  have  been  noted  in  the  turboalternator 
assemblies.  To  reduce  the  motion  of  the  pivot  bails  in  the  socket,  eight  of 
the  nitrided  journal  bearing  stems  with  the  0.  063-inch-diameter  pivot  balls 
were  modified  for  use  as  thrust  bearing  pivots.  This  reduction  will  reduce 
the  difference  in  diameter  between  the  pivot  ball  and  socket  to  0.  005  inch 
and  should  make  the  thrust  bearing  axial  assembly  dimensions  considerably 
more  stable. 

WELDABLE  LEAD  FEEDTHROUGHS 


Additional  tests  have  been  made  on  the  weldable  proximity  probe  lead  feed¬ 
throughs  received  from  Microdot,  Inc.,  because  the  initial  assemblies  leaked 
after  welding.  A  single  feedthrough  was  successfully  welded  into  a  header 
plate,  using  special  chill  blocks  and  a  minimum  current  in  the  electron  beam 
welding  machine.  Then  a  header  for  the  open  cycle  test  can,  containing  five 
feedthroughs,  developed  leaks  after  welding  in  the  10 _e  cm®  He/ sec  range. 

The  feedthroughs  were  mass  spectrometer  leak-tight  as  received  and  after 
cooling  to  liquid  nitrogen  temperatures  before  welding. 

Microdot,  Inc.  was  contacted  again  and  quoted  on  building  the  complete 
header  plates.  The  feedthroughs  would  have  been  assembled  in  the  machined 
header  plates,  and  the  insulating  beads  would  be  fired  in  the  assembly.  This 
method  would  eliminate  welding  of  the  individual  feedthroughs.  This  type  of 
feedthrough  was  not  ordered. 

Two  feedthroughs  to  be  used  for  the  turboalternator  electrical  connections 
and  stator  thermocouples,  purchased  from  the  Borders  Electronics  Company, 
failed  in  leak  testing.  The  Borders  Electronics  Company  was  in  the  process 
of  building  a  modified  design.  The  order  was  cancelled. 


82 


Twelve  similar  feedthroughs  were  purchased  from  the  Hermetic  Seal 
Corporation.  Ten  feedthroughs  were  leak-tight  as  received  and  after  cycling 
four  times  to  liquid  nitrogen  temperature.  Two  feedthroughs  leaked  as  re¬ 
ceived  and  were  returned  to  the  vendor. 

TEST  AND  EVALUATION 

TEST  OBJECTIVES  AND  PLANS 


The  complete  test  objectives  and  test  plans  have  been  outlined  in  the 
Phase  B  final  technical  report  (Ref.  2).  More  detailed  test  plans  and  the  implemen¬ 
tation  of  both  one-  and  two-stage  test  plans  are  described  below.  Also,  the 
data  required  of  the  single-stage  tests  are  identified;  these  data  are  re¬ 
quired  to  interpret  some  of  the  subsequent  two-stage  performance  operation 
and  test  evaluation  procedures. 

Open-Cycle,  Single-Stage  Turboalternator  Test  Plans 

The  turboalternators  would  be  tested  at  various  levels  of  assembled  com¬ 
pletion,  at  temperatures  and  pressures  different  from  room  temperature  am¬ 
bient,  and  at  1 -atmosphere  exhaust  conditions,  up  to  temperatures  and  pres¬ 
sures  approaching  the  individual  turbine  stage  design  conditions. 

Tests  would  first  be  conducted  with  the  individual  stages  operating  with  he¬ 
lium  and  nitrogen  gas,  at  both  room  and  cryogenic  temperatures.  Single- 
stage  performance  test  results  would  be  reduced  by  data  reduction  program 
OCTRMT,  for  room  temperature  data,  and  OCTCRT,  for  cryogenic  tempera¬ 
tures,  based  on  the  turboalternator  instrumentation  schematic  (Figure  52). 

Then  performance  tests,  with  two  stages  on  a  shaft,  will  be  conducted. 

Following  are  the  turboalternator  test  procedures  that  were  planned: 

•  Nozzle  Performance  Test 

1.  Nozzle  Seal  Inspection.  The  two  sections  of  the  nozzle  are  as¬ 
sembled  with  the  outer-flange  C-seal  and  with  a  light  coating  of 
high -spot  bluing  on  one  of  the  surfaces  of  the  inner  metal-to- 
metal  seal  surfaces  surrounding  the  nozzle  channels.  The  outer 
flange  assembly  screws,  size  4-40,  are  torqued  to  5.  5  in.  -lb. 

The  nozzle  is  then  disassembled,  and  the  inner  metal-to-metal 
seals  are  inspected  to  ensure  that  uniform  contact  has  been 
made  to  provide  the  required  metal-to-metal  seal  at  the  nozzle 
diameter. 

2.  Nozzle  Flow  Test  Without  Turbine  Wheel.  After  successfully 
completing  the  above  inner  seal  test,  the  nozzle  is  cleaned  and 
reassembled  with  the  inlet  gas  test  fixture  shown  in  Figure  52. 

The  inlet  gas  test  fixture  provides  the  means  of  ducting  gas  to 
the  nozzle  and  also  provides  a  pressure  tap  to  measure  the  gas 
inlet  pressure  to  the  nozzle. 
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Figure  52.  Principal  Turboalternator  Instrumentation 

Gas  flow  measurements  are  made  over  a  range  of  nozzle  pres¬ 
sure  ratios  for  both  helium  and  nitrogen  gas  at  room  temperature. 

3.  Housing  Leak  Rate  Test.  After  the  assembly  of  a  single-stage 
turboalternator  has  been  completed,  with  the  correct  shimming 
to  provide  the  specified  clearances  and  with  all  the  housing  prox¬ 
imity  probes  installed,  a  housing  pressure  tap  is  installed  in  the 
housing  adjacent  to  the  stage  under  test.  The  housing  pressure 
tap  at  the  opposite  end  is  temporarily  sealed  with  a  gasket  under 
the  head  of  a  screw. 

The  turboalternator  shaft  is  kept  from  rotating  by  a  length  of  4-40 
threaded  rod  installed  into  one  end  of  the  shaft  and  held  securely 
outside  the  housing.  The  stage  at  the  opposite  end  of  the  housing, 
the  end  not  being  tested,  is  sealed  with  a  temporary  end  cover. 

A  silicone  rubber  sealant  is  used  to  make  temporary  seals  be¬ 
tween  the  4-40  threaded  rod  and  the  housing. 

As  gas  is  applied  to  the  nozzle  inlet  gas  test  fixture,  the  turbine 
wheel  is  kept  from  rotating,  and  the  gas  flows  across  the  turbine 
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wheel.  Some  flow  leaks  from  the  nozzle  exhaust  through  to  the 
housing  leakage  paths. 

By  installing  a  rubber  stopper  into  the  exhaust  of  the  nozzle  gas 
test  fixture  and  clamping  it  in  place,  the  gas  flow  is  directed 
through  the  housing  leakage  paths.  Therefore,  the  housing  leak 
rate  can  be  determined  by  measuring  the  gas  flow,  which  is  re¬ 
lated  to  the  housing  pressure.  Both  helium  and  nitrogen  gas  at 
room  temperature  are  used  for  these  calibration  tests. 

4.  Nozzle  Flow  Test  with  Turbine  Wheel.  Removing  the  above  rub¬ 
ber  stopper  from  the  gas  test  fixture  exhaust  allows  the  gas  to 
flow  both  through  the  nozzle  exhaust  and  to  the  housing.  Measur¬ 
ing  the  total  gas  flow,  nozzle  inlet  pressure,  and  housing  pres¬ 
sure,  th«  housing  leak  rate  can  be  determined  from  the  housing 
pressure,  as  obtained  in  the  above  tests,  and  the  leakage  gas  flow 
around  the  turbine  wheel  out  the  exhaust  can  be  calculated  versus 
the  nozzle  inlet  pressure. 

The  results  of  the  nozzle  performance  tests  would  be  used  for  possible 
future  nozzle  channel  modifications  if  the  flow  rates  were  not  as  re¬ 
quired  to  meet  design  conditions,  and  the  data  would  also  be  used  to  de¬ 
termine  performance  evaluation  of  the  individual  stages. 

After  completion  of  the  above  tests,  the  shaft  holding  fixtures  would  be 
removed  and  the  shaft  would  be  magnetized. 

•  Open- Cycle  Single-Stage  Tests.  These  tests  provide  both  functional 
assurance  and  initial  overall  performance  test  results. 

1.  Warm  Tests.  With  the  shaft  magnetized,  the  turboalternator  is 
tested  at  various  resistance  loads  at  design  speed  and  at  speeds 
above  and  below  design  speed.  Tests  are  conducted  at  room  tem¬ 
perature  with  helium  and  nitrogen  gas.  Because  the  rotating 
speed  is  limited,  the  velocity  ratio  with  helium  gas  is  low.  With 
nitrogen  gas,  a  wider  range  of  velocity  ratios  can  be  obtained. 

2.  Test  with  Sealed  Housing.  After  the  above  tests  have  been  com¬ 
pleted,  the  turboaltemator  housing  will  be  installed  into  a  sealed 
housing  with  feedthroughs  for  the  electrical  proximity  probe,  and 
pressure  measurements.  The  turbine  exhaust  gas  will  still  ex¬ 
pand  to  atmosphere. 

With  this  assembly,  performance  measurements  will  be  obtained 
and  the  effective  average  nozzle  pressure  will  be  measured  in 
conjunction  with  other  performance  factors.  This  effective  average 
nozzle  pressure  is  the  pressure  in  the  sealed  housing.  However, 
the  axial  thrust  from  pressure  differences  may  be  a  problem  for  large- 
diameter  turbine  wheels.  The  three  pressure  ratios  obtained  from 
combinations  of  the  inlet,  nozzle,  and  exit  pressures  will  vary  with  the 
velocity  ratio  in  a  characteristic  manner,  suitable  for  comparison 
with  similar  characteristics  of  other  turbine  stages. 
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3.  Cryogenic  Liquid  Nitrogen  Test.  The  above  warm  tempei.  ‘ure 
test  procedures  are  repeated  by  precooling  the  gas  supplied  to 
the  turboalternator  with  a  liquid  nitrogen  heat  exchanger.  Tests 
are  performed  at  temperatures  approaching  liquid  nitrogen  tem¬ 
peratures,  as  required  to  obtain  additional  performance  data  for 
future  application  to  two-stage  turbine  tests. 

Closed -Cycle,  Two-Stage  Turboalternator  Test  Plans 

Detailed  plans  have  been  formulated  for  tests  to  evaluate  functional  and 
performance  characteristics  of  both  of  the  two- stage  turboalternator  modules, 
prior  to  complete  cryosection  system  testing. 

The  General  Electric  facility  compressor  can  operate  at  an  inlet  pressure 
slightly  above  atmospheric  pressure.  Any  pressure  below  atmospheric  pres¬ 
sure  would  result  in  air  leakage  into  the  compressor  and  hence  to  the  cryogenic 
heat  exchanger.  Hence  no  component  tests  are  planned  at  the  low  design  am¬ 
bient  pressure  of  the  turboaltemators,  which  is  approximately  5  psia.  The 
first  low-ambient-pressure  tests  planned  for  the  turboalternators  will  be  made 
with  the  complete  cryosection  assembled. 

Room  temperature  tests  could  be  conducted  on  the  gas  bearings  at  low  am¬ 
bient  pressure  with  an  enclosure  and  suction  blowers;  however,  at  this  stage 
in  the  development  cycle,  these  types  of  tests  are  considered  unwarranted. 

The  closed  cycle  test  station  would  be  used  to  test  turboalternator  modules 
with  two  turbine  stages  per  module.  A  schematic  diagram  of  the  station  for 
testing  the  Module  A  turboalternator,  which  includes  the  two  lowest  tempera¬ 
ture  stages,  is  shown  in  Figure  53.  Tests  would  be  conducted  toward  12.46° 
and  59.  49°K  turbine  inlet  temperatures  of  the  first  and  second  stages,  respec¬ 
tively.  Tests  would  be  conducted  with  the  cryosection  installed  in  a  vacuum 
dewar.  Helium  gas  would  be  supplied  to  the  closed  test  loop  by  the  facility 
compressor. 

Complete  instrumentation  would  be  incorporated  to  measure  turboalterna¬ 
tor  speed,  gas  flow  rate,  pressures,  temperatures,  and  gas  bearing  and  rotor 
dynamic  characteristics.  Noninductive  load  banks  would  be  used  to  load  the 
turboalternator,  and  the  electrical  power  output  would  be  measured. 

The  cryogenic  heat  exchanger  would  be  mounted  in  a  vertical  position 
above  a  header  plate,  as  shown  in  Figure  53.  The  Module  A  turboalternator 
would  be  connected  to  the  heat  exchanger  in  a  manner  similar  to  the  connection 
in  the  final  refrigerator  system,  except  manual  valves  would  be  installed  in  the 
first-  and  second-stage  supply  lines  and  in  the  second-stage  return  line.  Valves 
with  extended  stems  would  be  used  to  control  the  gas  flow  to  the  turbine  stages 
and  to  balance  the  turboalternator  nozzle  exit  pressures,  to  eliminate  gas  flow 
through  the  housing  during  operation  of  the  turboalternator. 
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The  piping  between  the  heat  exchanger  and  the  valves  would  be  the  actual 
lines  to  be  used  in  the  final  cryosection  assembly  and  would  contain  sections 
with  bellows  to  compensate  for  thermal  contraction  during  cooling.  Bellows 
would  be  installed  in  the  first-  and  second-stage  gas  supply  lines  to  the  tur¬ 
bines  and  in  the  first- stage  return  line.  Flanges  are  provided  to  remove  the 
valves  before  final  cryosection  assembly. 

When  the  system  is  completely  assembled  and  leak-tested,  the  closed  loop 
station  would  be  valved  off  from  the  facility  compressor  and  would  be  evacuated 
and  charged  with  a  clean,  dry  source  of  helium  gas,  to  a  pressure  of  2  psig. 

To  operate  the  Module  A  turboalternator  at  temperatures  on  the  order  of 
20°K,  the  higher  temperature  sections  of  the  heat  exchanger  must  be  cooled  to 
near  liquid  nitrogen  temperature,  77°K.  This  cooling  would  be  accomplished 
by  sealing  off  the  heat  exchanger  connections  normally  used  for  the  Module  B 
turbalternator,  except  for  the  B-5  return  connection.  A  low  flow  of  helium 
gas  would  be  cooled  to  near  liquid  nitrogen  temperature  by  a  cooling  coil  im¬ 
mersed  in  liquid  nitrogen.  The  line  to  the  heat  exchanger  would  be  thermally 
isolated  by  the  dewar  vacuum.  The  cold  helium  gas  would  flow  through  Heat 
Exchangers  6  and  7,  cooling  the  sections. 

Before  operating  the  turboalternator,  the  valves  in  the  lines  between  the 
heat  exchanger  and  the  turboalternator  would  be  closed.  Then  the  valve  in 
the  bleed  line,  connected  to  the  first-stage  turbine  inlet,  would  be  opened,  al¬ 
lowing  the  helium  gas  to  flow  through  the  complete  heat  exchanger  and  cooling 
all  sections.  The  temperature  of  the  gas  coming  out  of  the  heat  exchanger 
would  be  measured  to  determine  when  the  heat  exchanger  has  been  completely 
cooled. 

The  above  method  of  precooling  the  heat  exchanger  before  starting  the 
turboalternator  will  improve  the  operating  conditions  for  the  turbines,  because 
any  volatile  materials  that  may  be  present  in  the  helium  gas  from  the  system 
will  be  collected  in  the  heat  exchanger. 

After  the  heat  exchanger  has  been  cooled,  the  helium  gas  flowing  through 
the  heat  exchanger  would  be  momentarily  turned  off,  the  valve  in  the  bleed 
line  would  be  closed,  and  the  turboalternator  valves  would  be  opened.  Then, 
as  helium  gas  is  circulated  through  the  system,  the  turbcalternator  would  be¬ 
gin  operating.  The  valves  in  the  turboalternator  gas  lines  would  be  adjusted 
to  correct  the  pressure  differentials  between  the  turbine  stages,  if  necessary. 

A  low  flow  of  the  helium  cooling  gas  would  continue  to  circulate  through  Heat 
Exchangers  6  and  7,  to  maintain  temperatures  near  77° K,  simulating  the  op¬ 
eration  of  the  Module  B  turboalternator  in  the  final  refrigerator  system. 

As  the  Module  A  turboalternator  is  operated,  the  system  would  be  cooled 
to  a  minimum  temperature  below  the  77°  K  starting  temperature. 
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Adjustment  of  the  two  exit  valves  and  one  inlet  valve  to  the  two  turbine 
stages  would  be  the  mechanism  used  to  prevent  interstage  leakage.  Table  3 

Table  3 

MODULE  A  DESIGN  POINT  PERFORMANCE  CONDITIONS 


Characteristic- 


Stage  1 


Stage  2 


Inlet  temperature  (°R) 

Inlet  temperature  (°K) 

Inlet  pressure  (psia) 

Outlet  pressure  (psia) 
Pressure  ratio 
Speed  (rpm) 

Flow  (lb  hr) 

Velocity  ratio 
Flow  factor 

Corrected  speed  (rpm  /  /°R> 


22.40 

107.  1 

12.46 

59.  49 

9.  Ill 

9.  156 

5.  384 

5.  305 

1.  692 

1.  726 

80,000 

80,  000 

6.  156 

12.  89 

0. 3400  • 

0. 3365 

1.  570 

7.  152 

16,  930 

7.  740 

0.  045  psia 
1.25 


Difference  in  inlet 

Pressure 
In.  of  HgO 

Difference  in  exit 

Pressure 
In.  of  H.  O 


0.  079  psia 
2.20 


CR-2239 


shows  the  principal  design  stage  points  of  the  first  two  stages  (note  the  very 
low  design  pressure  differences  between  the  stages,  based  on  the  cycle  design). 
The  actual  cryogenic  heat  exchanger  pressure  drop  characteristics  will  also 
affect  the  potential  interstage  turbine  leakage  problem.  The  instrumentation 
shown  would  be  used  to  determine  the  adjustments  required.  The  instrumen¬ 
tation  would  provide,  either  directly  or  indirectly,  the  basis  for  determining 
performance  parameters,  as  follows: 

•  Inlet  temperature 

•  Inlet  pressure 

•  Nozzle  pressure 

•  Exit  pressure 

•  Exit  pressure  difference,  between  stages 

•  Rotational  speed 

•  Electrical  power  output 

•  Alternator  stator  temperature 
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From  these,  the  following  performance  parameters  would  be  determined: 

•  Overall  pressure  ratio 

* 

•  Inlet-to-nozzle  pressure  ratio 

•  Nozzle -to-exit  pressure  ratio 

•  Mass  flow 

•  Overall  efficiency 

•  Flow  factor 

•  Velocity  ratio 

•  Temperature  drop 

•  Electromagnetic  efficiency 

•  Corrected  torque 

•  Corrected  speed 

•  Power  to  each  stage 

The  last  item  may  be  difficult  to  obtain  uniquely,  because  it  would  have  to 
be  obtained  principally  from  performance  data  obtained  from  single-stage, 
open  cycle  test  results  at  room  and  liquid  nitrogen  temperatures.  The  per¬ 
formance  data  needed  include: 

•  Flow  factor  and  overall  efficiency  versus  velocity  ratio,  at  constant 
overall  pressure  ratios 

•  Flow  factor  versus  pressure  ratio,  at  constant  values  of  corrected 
speed 

•  All  three  pressure  ratios  incorporating  inlet,  nozzle,  and  exit  pres¬ 
sures  versus  velocity  ratio 

•  Bearing  settings  to  directly  calculate  the  approximate  bearing  power 
losses,  and  the  gas  friction  losses,  along  the  shaft 

A  special  data  reduction  and  analysis  computer  program  would  have  been 
prepared  to  accomplish  the  above  performance  evaluation. 

The  Module  B  turboalternator  would  be  tested  in  a  manner  similar  to  testing 
of  Module  A,  down  to  the  target  design  temperatures  of  100.  0°  and  190.  0*K 
for  the  third  and  fourth  stages,  respectively. 

Figure  54  is  a  schematic  diagram  of  the  system  for  testing  Module  B.  The 
heat  exchanger  connections  previously  used  for  Module  A  are  sealed.  Because 
the  heat  exchanger  will  not  be  precooled  in  this  test,  the  low -flowing  cooling  gas 
and  the  bleed  lines  are  valved  off  and  disconnected  from  the  heat  exchanger. 
Charcoal  filters  would  have  been  installed  in  the  gas  supply  lines  to  the  turbines . 
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Manual  valves  would  also  be  installed  in  the  first-  and  second -stage  gas 
supply  lines  and  in  the  second -stage  return  line,  to  control  the  gas  flow  to  the 
turbine  stages  and  to  balance  the  nozzle  exit  pressures  to  eliminate  gas  flow 
through  the  housing  during  operation  of  the  turboalternator. 


54 


91 


The  piping  used  to  connect  the  Module  B  turboalternator  to  the  heat  ex¬ 
changer  would  be  very  similar  to  the  piping  described  above  for  Module  A. 
Bellows  would  be  installed  in  the  first-  and  second -stage  gas  supply  lines  to 
the  turbines  and  in  the  first-stage  return  line,  to  compensate  for  thermal 
contraction.  Flanges  are  provided  to  remove  the  valve  sections  before  final 
cryosection  assembly. 

After  the  system  is  assembled  and  leak-tight,  the  closed -loop  station  is 
valved  off  from  the  facility  compressor  and  is  evacuated  and  charged  with  a 
clean,  dry  source  of  helium  gas  to  a  pressure  of  2  psig. 

Then,  as  helium  gas  is  circulated  through  the  system  from  the  facility 
compressor,  the  turboalternator  would  start  operating.  The  valves  in  the  tur¬ 
boalternator  gas  lines  would  be  adjusted  to  correct  the  pressure  differentials 
between  the  turbine  stages,  if  necessary. 

As  the  turboalternator  operates,  the  system  would  cool  to  a  minimum  tem¬ 
perature,  depending  on  the  given  load  conditions.  •  Data  would  be  recorded 
with  the  turboalternator  operating  under  various  load  conditions. 

FUNCTIONAL  TESTS 


During  this  reporting  period,  preliminary  shakedown  tests  were  made  on 
five  turboalternator  assemblies,  as  outlined  below. 

Turboalternator  Build  6 


Build  6  consisted  of  the  first-stage,  0.5-inch-diameter,  aluminum  turbine 
wheel  and  nozzle.  The  electroless,  nickel-plated,  lilting  pad  bearings  of  the 
flat-bottom  pivot  design  described  in  the  Phase  II  final  report  (Ref.  2)  were 
used  for  the  first  time.  A  910-lb/in. ,  ±3-percent,  spring  stem  was  installed 
in  each  of  the  journal  bearing  assemblies.  The  journal  bearing  radial  clear¬ 
ances  were  adjusted  to  250  microinches  by  adjusting  the  spring  stems;  after 
initially  setting  the  journal  bearings  to  a  gage  shaft,  which  is  400  microinches 
larger  in  diameter  than  the  turboalternator  shaft.  The  thrust  bearings  were 
shimmed  to  give  the  shaft  a  total  axial  travel  of  0.  0008  inch  and  a  wheel-to- 
nozzle  clearance  of  0.  0015  to  0.  0025  inch,  axially. 

The  turboalternator  seemed  to  operate  satisfactorily.  Tests  were  made 
at  speeds  up  to  120,000  rpm.  The  proximity  probe  signals  indicated  stable 
operation.  The  shaft  orbit  probe  signals  produced  relatively  small  orbits  of 
120  microinches  at  the  first-stage  end  of  the  shaft  and  80  microinches  at  the 
second-stage  end.  The  thrust  proximity  probe  viewing  the  end  of  the  shaft, 
monitoring  the  axial  motion,  had  a  once-per-revolution  ripple  of  less  than 
10  rnicroinches,  representing  a  very  stable  thrust  bearing  operation. 

Flow  tests  were  made  on  this  assembly,  to  confirm  earlier  data  pertain¬ 
ing  to  the  relationships  between  the  nozzle  pressure,  housing  pressure,  hous¬ 
ing  leak  rate  with  the  nozzle  sealed,  and  the  total  nozzle  gas  flow  with  the 
nozzle  open  and  the  turbine  wheel  in  position  but  not  turning.  Flow  measure- 
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ments  were  made  with  both  helium  and  nitrogen  gas  at  room  temperature. 

The  data  obtained  agreed  very  closely  with  that  obtained  from  the  earlier  tests. 
Several  additional  data  points  were  taken  to  extend  the  ranges  of  flow  and 
pressures. 

After  the  flow  measurements  were  completed,  the  shaft  holding  fixture 
was  removed  and  the  turboalternator  was  retested.  The  journal  bearing  clear¬ 
ances  remained  the  same.  The  thrust  bearing  clearance  increased  0.  0003  inch. 
Shims  for  the  thrust  bearings  were  readjusted  to  allow  the  shaft  0.0008-inch 
total  axial  travel.  The  turboalternator  was  then  operated  satisfactorily  again, 
as  in  the  original  test. 

Because  the  turboalternator  was  initially  assembled  with  the  shaft  perma¬ 
nent  magnet  unmagnetized,  the  unit  was  disassembled  to  remove  the  shaft  and 
magnetize  the  magnet.  As  the  shaft  was  removed  from  the  assembly,  discol¬ 
oration  was  noted  at  the  first- stage  journal  bearing  area.  The  turboalternator 
was  then  completely  disassembled,  and  the  parts  were  carefully  examined  under 
a  microscope.  Inspection  of  the  parts  showed  adverse  wear  conditions,  after 
an  estimated  12  to  15  stop-starts  of  this  turboalternator  assembly. 

No  indications  of  wear  or  discoloration  were  evident  on  the  shaft  or  jour¬ 
nal  bearing  surfaces  at  the  second-stage  end  of  the  assembly. 

The  first-stage  journal  bearing  area  of  the  shaft  was  discolored  at  the 
outer  extremes  for  approximately  180  degrees  around  the  circumference.  Fig¬ 
ure  55  shows  the  shaft  with  a  mirror  located  below  it,  to  show  the  difference 
around  the  circumference.  There  were  no  other  indications  of  wear  or  ma¬ 
terial  buildup  on  the  nitrided  shaft  at  either  journal  surface. 


Figure  55.  Turboalternator  Shaft  and  First-Stage  Journal  Bearings 
from  Build  6  (Photographed  Above  Mirror  to  Show  Dis¬ 
coloration  of  First-Stage  Journal  Bearing  Surface) 
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Figure  55  also  shows  the  journal  bearing  pads  from  the  first-stage  end. 

The  journal  bearing  pad  at  the  left  was  supported  by  the  spring  stem,  and 
only  a  slight  indication  of  discoloration  was  noted  at  the  upper  right  leading 
edge  of  the  journal  surface.  The  other  two  bearings  shown  in  Figure  55  were 
supported  by  the  solid  pivot  stems  in  the  first-stage  journal  bearing  assembly. 
Considerable  discoloration  was  noted  at  the  outer  edges  of  the  two  journal 
surfaces.  The  discoloration  was  approximately  0.013-inch  wide  along  the 
outer  edges,  starting  at  the  leading  edge  of  the  pad  and  continuing  to  near  the 
center  of  the  bearing  surfaces.  Slight  indications  of  wear  were  also  noted  in 
the  discolored  areas. 

Figure  56  shows  another  view  of  the  three  journal  bearing  pads  from  the 
first-stage  end.  The  pad  on  the  left  was  supported  by  the  spring  stem,  and 
the  pad  on  the  right  was  supported  by  the  solid  stem.  The  pad  in  the  center 
of  Figure  56  was  positioned  to  show  the  dent  formed  at  the  bottom  of  the  pre¬ 
viously  flat-bottomed  pivot  socket.  This  pad  was  also  supported  by  a  solid 
stem.  The  dent  was  approximately  0.  0002  inch  deep.  Slight  roughness  in 
the  dent  also  indicated  wear.  The  condition  of  all  six  journal  bearing  pad 
pivot  sockets  varied  from  the  large  dent  shown  in  Figure  56  to  very  faint  in¬ 
dentations;  however,  the  bottom  of  all  pivot  sockets  definitely  showed  signs 
of  wear,  to  some  degree,  by  the  roughness  of  the  previously  flat  surfaces,  and 
there  were  signs  of  particles  being  generated. 


Figure  56.  Closeup  of  Journal  Bearing  Pads  from  First-Stage  End 
of  Turboalternator  Assembly,  Build  6 

No  indicationo  of  wear  were  evident  on  any  of  the  nitrided  pivot  balls. 
The  discoloration  on  the  shaft  and  journal  bearing  pads  was  probably  caused 
by  a  heating  effect  due  to  the  pads  not  riding  smoothly,  in  the  pivots,  as  wear 
occurred. 

A  spare,  unused,  electroless  nickel  pad  was  tested  by  applying  the  nor¬ 
mal  pressure  required  on  the  pivot  stem  to  preset  the  journal  bearing  pad 
against  the  gage  shaft  during  assembly.  The  results  of  this  test  definitely 
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indicated  that  the  dents  at  the  bottom  of  the  pivot  sockets  could  have  been 
formed  during  assembly.  Earlier  tests  on  samples  of  lectroless  nickel 
plating  showed  the  hardness  to  be  in  the  order  of  70  Rockwell  C.  Perhaps 
increasing  the  thickness  of  the  plating  would  prevent  denting  at  the  bottom  of 
the  sockets.  Tests  made  on  one  of  the  pads  indicated  a  0.  0017-inch-thick 
plating  on  the  bottom  of  the  pivot  socket  and  0.  0022-  to  0.  0026-inch-thick 
plating  on  the  journal  surface  after  lapping.  However,  because  the  wear 
characteristics  of  electroless  nickel  appear  relatively  poor,  based  on  the 
short  operating  period  and  few  stop- starts  of  this  assembly,  further  tests 
with  electroless  nickel-plated  pads  are  not  planned. 

Turboalternator  Build  7 


This  assembly  consisted  of  the  0.  5-inch-diameter,  first-stage,  aluminum 
turbine  wheel  and  the  conforming  journal  bearing  pivot  design  with  the  journal 
bearing  pivot  balls  machined  2  percent  smaller  than  the  pad  socket  diameter. 
Test  data  were  obtained  at  room  temperature,  with  the  turbine  operating  in  a 
vertical  position  at  a  speed  of  about  100,000  rpm.  Tests  were  made  using 
both  helium  and  nitrogen  gas.  Turboalternator  loads  ranged  from  no  load  to 
approximately  20  watts  total.  Test  data  were  reduced  and  plotted,  and  are 
discussed  below  under  "Performance  Results.  " 

The  turboalternator  operated  very  well  during  these  tests.  The  prox¬ 
imity  probe  signals  observed  on  the  oscilloscopes  were  very  similar  to  signals 
shown  in  Phase  II  final  report  (Ref.  2).  The  shaft  orbits  were  approximately 
70  microinches  at  the  first- stage  end  and  110  microinches  at  the  second -stage 
end.  A  once-per- revolution  oscillation  on  the  order  of  100  microinches  was 
observed  by  the  proximity  probe  viewing  a  journal  bearing  pad  at  the  second- 
stage  end  of  the  assembly.  The  proximity  probes  viewing  the  axial  motion  of 
the  shaft  and  the  motion  of  the  outer  thrust  bearing  also  showed  a  once-per- 
revolution  oscillation  of  approximately  60  microinches. 

The  only  variation  noted  in  the  operation  of  the  turboalternator  was  that 
the  shaft  moved  closer  to  the  outer  thrust  bearing  as  the  load  was  increased 
on  the  alternator.  The  shaft  did  not  appear  to  touch  the  outer  thrust  at  the 
maximum  load  tested.  This  condition  was  undoubtedly  caused  by  the  increased 
axial  force  on  the  turbine  as  the  gas  flow  was  increased  to  maintain  the  speed 
at  100,000  rpm  with  increased  loads.  The  effects  of  this  axial  force  on  the 
thrust  bearings  cannot  be  fully  determined  until  the  turboalternator  is  tested 
with  both  turbine  stages  operating. 

The  next  series  of  tests  planned  for  this  turboalternator  required  instal¬ 
lation  of  the  turboalternator  housing  into  a  sealed  housing,  with  feedthroughs 
for  the  electrical  connections  and  with  the  turbine  exhaust  gas  still  expanding 
to  the  atmosphere.  In  this  assembly,  the  performance  measurements  could 
be  obtained,  and  the  effective  average  nozzle  pressure  could  be  measured  in 
conjunction  with  other  performance  factors.  The  effective  average  nozzle 
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pressure  would  be  the  pressure  in  the  sealed  housing.  The  three  pressure 
ratios  obtained  from  combinations  of  the  inlet,  nozzle,  and  exit  pressures  will 
vary  with  the  velocity  ratio  in  a  manner  suitable  for  comparison  with  similar 
characteristics  of  other  turbine  stages. 

Because  the  feedthroughs  received  from  the  vendors  have  leaked  to  some 
degree,  tests  were  made  to  measure  the  total  leak  rate  of  the  sealed  housing, 
in  order  to  determine  the  accuracy  of  measuring  the  housing  pressure  The 
feedthroughs  were  assembed  to  the  sealed  housing  with  metal  C-seals  and 
clamping  rings.  The  total  leak  rate  was  measured  by  pressurizing  the  hous¬ 
ing  with  helium  gas  and  measuring  the  pressure  decay  rate.  Results  of  the 
leak  rate  tests  are  shown  in  Figure  57.  This  very  low  leak  rate  should  not 
significantly  affect  the  average  nozzle  pressure  measurements. 

The  turboalternator  housing  was  then  assembled  into  the  sealed  housing. 
Several  test  runs  were  made  by  operating  the  turboalternatox  in  a  vertical 
position,  with  the  nozzle-inlet-to-exhaust-pressure  ratios  ranging  from  1.1 
to  1.7.  Each  test  run  was  made  at  a  specific  pressure.  Tables  4  and  5  list 
the  test  runs  made  at  room  temperature  with  both  helium  and  nitrogen  gases. 
These  tables  list  some  of  the  most  pertinent  performance  data  obtained  and 
give  the  extreme  ranges  covered  in  each  test  run.  The  limitations  of  the 
tests  are  shown  in  the  last  columns. 


Figure  57.  Open  Cycle  Sealed  Housing  Leak  Rate 
with  Feedthroughs  Assembled 
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Table  4 


SUMMARY  OF  TURBOALTERNATOR  PERFORMANCE  RESULTS 
(Room  Temperature  with  Helium  Gas) 
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Table  5 

SUMMARY  OF  TURBOALTERNATOR  PERFORMANCE  RESULTS 
(Room  Temperature  with  Nitrogen  Gas) 


Extreme  Kanpes  of  Reeuite 
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Tests  were  conducted  by  adjusting  the  gas  flow  through  the  nozzle  to  ob¬ 
tain  a  given  pressure  ratio,  and  the  turboalternator  speed  was  controlled  by 
varying  the  resistive  load  on  the  alternator.  At  the  low  pressure  ratios,  the 
turboalternator  test  runs  were  started  at  no  load.  Then  additional  data  points 
for  a  test  run  at  a  given  pressure  ratio  were  obtained  by  increasing  the  tur¬ 
boalternator  load  and  readjusting  the  nozzle  inlet  pressure  to  maintain  the 
pressure  ratio  as  the  turbine  speed  decreased.  The  resistive  loads  were  in¬ 
creased  by  switching  a  Y-connected,  three-phase,  pure  resistive  load  bank 
in  fixed  steps.  As  the  loads  were  increased,  the  turbine  speed  decreased  to 
a  point  where  the  thrust  bearings  would  not  support  the  shaft  and  the  turboal¬ 
ternator  would  stop.  Test  data  were  obtained  at  low  speeds  of  20,000  to  30,000 


rpm,  depending  on  the  type  of  gas,  the  pressure  ratio,  and  the  next  fixed  re¬ 
sistance.  Results  of  the  above  test  data  were  reduced  and  plotted,  and  are 
discussed  below  under  "Performance  Results.  " 

During  an  initial  test  with  helium  gas  for  a  test  run  at  a  pressure  ratio 
of  1.3,  the  turboalternator  was  adjusted  to  a  speed  of  100,000  rpm  and  allowed 
to  run  for  approximately  35  minutes,  in  order  to  purge  the  system.  Then,  as 
the  gas  flow  was  adjusted  for  the  pressure  ratio  of  1.3,  the  turboalternator 
speed  increased  to  180,000  rpm;  suddenly  the  second-stage  shaft  orbit  became 
rough,  so  the  turboalternator  was  stopped.  A  short  time  later,  an  attempt  to 
restart  the  turbine  showed  the  same  rough  orbit  operation. 

The  turboalternator  was  partially  disassembled  and  examined.  Slight 
wear  marks  were  noted  on  the  shaft  at  the  outer  edges  and  on  both  sides  of 
the  second-stage  journal  bearing  area.  This  slight  amount  of  wear  did  not 
seem  to  affect  the  smooth  rotation  of  the  shaft.  Therefore,  the  turboalternator 
was  reassembled  and  operated  satisfactorily  at  speeds  of  up  to  100,000  arid 
120,000  rpm. 

The  rough  operation  described  above  was  probably  caused  by  the  bearings 
heating  at  the  higher  speeds,  especially  with  the  housing  sealed,  thereby  not 
allowing  a  flow  of  cooling  gas  to  remove  the  heat.  Figure  58  is  a  plot  of  data 


Figure  58.  Turboalternator  Heating  Effects  Noted  During  Run  110 
with  Nitrogen  Gas  at  Pressure  Ratio  of  1. 2 


points  taken  during  Run  110,  showing  the  relation  of  time,  stator  temperature, 
speed,  and  alternator  load.  The  test  run  was  started  by  operation  of  the  tur¬ 
boalternator  at  125,000  rpm,  at  no  load,  for  45  minutes  —  with  nitrogen  gas 
to  purge  the  system.  During  the  45-minute  period,  the  alternator  winding 
temperatures  increased  13°  F  above  ambient.  Raising  the  alternator  temper¬ 
ature  13°  F  at  no-load  conditions  definitely  showed  that  the  bearings  were  op¬ 
erating  at  much  higher  temperatures.  Therefore,  during  the  previous  test, 
when  the  journal  bearing3  apparently  rubbed  (the  turboalternator  was  operat¬ 
ing  at  180,000  rpm  with  a  light  alternator  load),  the  bearing  temperatures 
must  have  been  considerably  higher. 

The  thickness  of  the  journal  bearings  used  in  this  assembly  is  approxi¬ 
mately  0.  020  inch  at  the  outeredges,  with  a  thicker  rib  through  the  center  to 
contain  the  pivot  socket.  The  journal  bearing  pads  were  designed  in  this  man¬ 
ner  to  reduce  the  pad  weight  and  produce  more  stable  operation.  The  spring 
stems  in  the  journal  bearing  assemblies  were  designed  to  compensate  for  ther¬ 
mal  expansion  of  the  bearing  assemblies  while  operating  at  high  temperatures. 

A  possibility  exists  that  the  thin  outer  edges  of  the  journal  bearing  pads  warped 
at  the  high  temperatures,  thereby  causing  the  rub,  because  there  was  no  evidence 
of  wear  through  the  center  sections  of  the  bearings. 

Problems  were  encountered  when  the  pads  warped  during  nitriding. 
Therefore,  the  new  flat-bottom  socket  journal  bearing  pads  were  designed  to 
be  thicker,  to  improve  the  nitriding  process.  This  design  should  also  reduce 
the  possibility  of  the  leading  and  trailing  edges  warping  at  elevated  temperatures. 

The  turboalternator  continued  to  operate  satisfactorily  during  the  re¬ 
maining  test  runs,  by  limiting  the  maximum  speed  to  approximately  120,  000 
rpm,  although  the  inner  thrust  bearing  appeared  to  shift  position  during 
operation  of  the  turboalternator.  This  condition  did  not  affect  operation 
of  the  turboalternator  during  the  above  test  runs,  but  it  must  be  corrected  to 
maintain  the  thrust  bearing  stiffness  over  the  operating  temperature  range. 

The  total  travel  of  the  shaft  between  the  thrust  bearings  was  initially  adjusted 
to  0.  0008  inch. 

During  the  test  runs,  the  position  of  the  inner  thrust  bearing  varied  ap¬ 
proximately  ±0.  0004  inch.  Further  examination  showed  that  with  the  turbo- 
alternator  in  a  vertical  position,  thrust  end  up,  gently  tapping  the  top  end  of 
the  shaft  would  move  the  inner  thrust  bearing  down  approximately  0.  0004  inch 
from  che  original  0.  0008-inch  setting.  Then,  tapping  the  housing  would  move 
the  shaft  and  the  inner  thrust  bearing  back  up  0.  0004  to  0.  0008  inch. 

Figure  59  shows  the  inner  thrust  bearing  assembly.  This  assembly  con¬ 
sists  of  a  housing  flange  section  (Part  1 )  that  supports  a  gimbal  ring  (Part  3)  by 
two  pivots.  The  thrust  bearing  (Part  2)  is  supported  by  two  other  pivots  mounted 
from  the  gimbal  ring.  Springs  are  incorporated  in  the  gimbal  ring  and  the 
thrust  bearing  to  maintain  tension  on  the  pivots.  During  assembly,  the  pivots 
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Figure  59.  Two-Stage  Turboalternator  Inner  Thrust 
Bearing  Assembly 

are  adjusted  to  produce  a  tipping  force  of  1.  5  to  2.  0  grams.  In  the  design  of 
the  ball  and  the  socket  pivots  (Parts  5  and  6),  the  ball  was  made  0.  055  inch  in 
diameter,  0.  014  inch  smaller  in  diameter  than  the  pivot  socket.  This  arrange¬ 
ment  was  done  because  it  was  believed  the  spring  tension  would  force  the  pivot 
ball  to  ride  in  the  center  of  the  socket  and  the  clearance  would  reduce  the  pos¬ 
sibility  of  particles  generated  from  wear  building  up  and  binding.  However, 
from  the  above  observations,  the  pivot  ball  must  ride  up  on  the  socket  radius, 
thereby  shifting  the  thrust  bearing  position.  The  pivot  design  will  be  reviewed, 
and  the  most  convenient  modification  of  either  increasing  the  pivot  ball  diameter 
or  decreasing  the  socket  radius  will  be  made  to  correct  these  undesirable 
shifts  in  thrust  bearing  clearances. 

The  turboalternator  assembly  was  then  prepared  for  cold  open  cycle  testing 
at  liquid  nitrogen  temperature.  In  this  test,  the  helium  gas  to  the  turbine  was 
precooled  by  flowing  the  gas  through  a  coil  immersed  in  liquid  nitrogen.  Strips 
of  plastic  material  were  attached  to  the  turboalternator  support  stand,  to  direct 
the  cold  nozzle  exhaust  gas  around  the  turboalternator  sealed  housing,  cooling 
the  whole  assembly.  A  bell  jar  was  placed  over  the  turboalternator  assembly, 
to  isolate  the  system  from  ambient  moisture. 


After  the  above  preparations,  the  turboalternator  was  operated  for  1 
hour  at  room  temperature,  100,  000  rpm,  and  no  load  to  purge  the  system  with 
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dry  (5-ppm  moisture  content)  helium  gas.  The  gas  pressure  tap  connected  to 
the  sealed  housing  was  disconnected  to  purge  the  turboalternator  housing  and 
the  sealed  housing.  Then,  in  order  to  cool  the  turboalternator  assembly  at  a 
slow  rate,  liquid  nitrogen  was  slowly  added  to  a  dewar  containing  the  cooling 
coil.  Cold  tests  in  the  past  on  turboalternator  assemblies,  Builds  4  and  5, 
using  the  same  type  of  journal  bearing  have  operated  roughly  and  been  damaged 
as  the  gas  inlet  temperature  approached  100°  K. 

The  test  plan  was  to  cool  at  a  much  slower  rate,  thus  reducing  thermal 
gradients  and  possibly  improving  the  operation  of  the  turboalternator  at  the  low 
temperatures.  The  turboalternator  was  cooled  for  two  hours,  but  again,  as 
the  inlet  gas  temperature  to  the  nozzle  reached  105° K,  the  proximity  probes 
monitoring  the  shaft  orbits  indicated  rough  operation.  Varying  the  turboalter¬ 
nator  speed  and  load  had  no  effect,  and  the  turbine  was  quickly  shut  down.  The 
alternator  winding  temperature  was  approximately  180°  K. 

After  the  turboalternator  warmed  up  to  room  temperature,  it  operated 
satisfactorily  again,  with  no  indication  of  the  bearings  being  damaged  during 
the  above  rough  operation.  All  of  the  proximity  probe  signals  were  the  same 
as  they  were  before  the  cold  test. 

The  rough  cold  operation  of  the  turboalternator  was  very  similar  to  the 
rough  operation  experienced  during  the  room  temperature  tests  when  the  tur¬ 
bine  was  operated  at  higher  speeds,  as  described  above.  Both  conditions 
could  have  been  caused  by  distortion  of  the  0.  020-inch-thick  outer  edges  of 
the  journal  bearing  design. 

While  journal  bearings  with  the  new  flat-bottom  pivot  socket  of  the  thicker 
design  were  being  manufactured,  the  following  tests  were  made,  to  obtain  test 
data  on  the  turboalternator  at  the  lowest  cold  temperature  that  would  allow 
satisfactory  operation. 

A  bypass  line  and  valve  were  installed  across  the  liquid  nitrogen  cooling 
coil,  to  provide  a  better  control  of  the  gas  temperature  supplied  to  the  turbine 
nozzle.  Adjustment  of  the  bypass  valve  controls  the  mixture  of  warm,  room 
temperature  gas  and  the  cold  gas  supplied  from  the  liquid  nitrogen  cooling  coil. 

The  cold  tests  were  started  by  operating  the  turbine  at  no  load  and  100,000 
rpm  for  1  hour,  to  purge  the  system  with  the  dry  helium  gas.  Then,  the 
pressure  ratio  across  the  nozzle  was  adjusted  to  1.  5  by  increasing  the  gas  flow 
and  limiting  the  turbine  speed  to  120,  000  rpm  (by  increasing  the  resistive  load 
on  the  alternator).  Liquid  nitrogen  was  added  to  the  dewar  containing  the  cooling 
coil,  and  the  bypass  valve  was  adjusted  to  provide  a  moderate  rate  of  cooling. 

As  the  turboalternator  cooled,  slight  roughnesses  of  the  shaft  orbits  were  noted 
occasionally,  but  minor  adjustments  in  the  speed  corrected  the  operation. 

After  1-1/2  hours  of  cooling,  the  gas  inlet  te.*mperature  reached  178°K  and 
the  alternator  winding  temperature  was  214°K.  The  turboalternator  operated 
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satisfactorily  at  speeds  in  the  order  of  100,  000  rpm.  However,  further  de¬ 
crease  in  the  gas  inlet  temperature  caused  roughness  in  the  shaft  orbits  that 
could  not  be  corrected  by  speed  adjustments.  Therefore,  the  gas  inlet  tem¬ 
perature  was  readjusted  to  177°K  and  the  sealed -housing  pressure  tap  was  con¬ 
nected.  The  turboalternator  operated  satisfactorily  as  several  data  points 
were  taken  for  test  runs  121  and  122,  with  nozzle  pressure  ratios  of  1.  5  and 
1.  6.  Only  one  data  point  was  obtained  for  test  run  123,  with  a  nozzle  pressure 
ratio  of  1.  7.  The  shaft  seemed  to  be  riding  very  close  to  the  inner  thrust 
bearing  at  100,  400  rpm  for  this  single  data  point.  As  the  turbine  speed  de¬ 
creased  with  increased  alternator  load  for  the  next  data  point,  the  shaft  thrust 
touched  the  inner  thrust  bearing  and  stopped  the  turbine. 

Attempts  to  operate  the  turboalternator  at  higher  temperatures  with  a  noz¬ 
zle  pressure  ratio  of  1.  7  produced  the  same  results.  It  appears  that  the  gas 
flow  through  the  nozzle  at  a  pressure  ratio  of  1.  7  creates  a  force  greater  than 
the  inner  thrust  bearing  when  the  turbine  speed  is  adjusted  below  100,  000  rpm. 
This  force  pulls  the  shaft  thrust  against  the  inner 'thrust  bearing  and  stalls  the 
turbine.  The  turboalternator  operates  satisfactorily  with  a  nozzle  pressure 
ratio  of  1.7  when  the  sealed  housing  pressure  tap  is  open.  This  situation  de¬ 
creases  the  housing  pressure  and  reduces  the  total  flow  through  the  nozzle.  * 

All  of  the  above  test  runs  were  made  with  the  turboalternator  in  a  verti¬ 
cal  position,  with  the  thrust  end  up.  In  this  position,  gravity  on  the  shaft 
would  also  pull  the  shaft  thrust  toward  the  inner  thrust  bearing.  Therefore, 
it  was  decided  to  invert  the  turboalternator  assembly  and  repeat  the  1.  7  noz^ 
zle  pressure  ratio  tests  with  gravity  pulling  the  shaft  toward  the  outer  thrust 
bearing.  The  results  of  this  test  were  the  same  as  above.  Only  one  data 
point  could  be  obtained  at  100,000  rpm,  with  the  inlet  temperature  at  177°K. 

At  lower  speeds  the  shaft  thrust  runner  would  still  touch  the  inner  thrust 
bearing  and  stop  the  turbine. 

During  the  last  series  of  tests,  wear  on  the  shaft  journal  surfaces  and 
the  journal  bearings  increased  to  a  point  where  this  assembly  would  no  longer 
operate. 

The  problem  of  the  shaft  thrust  runner  touching  the  inner  thrust  bearing 
may  not  be  serious  w  hen  the  second -stage  turbine  wheel  is  installed  on  the  op¬ 
posite  end  of  the  shaft.  The  second -stage  wheel  will  create  a  counter  force 
to  reduce  this  effect. 

The  turboalternator  was  disassembled,  and  examination  of  the  parts 
showed  the  following  conditions: 

•  Thrust  Bearings.  Some  wear  marks  and  fine  scratches  were  noted 
on  the  inner  thrust  bearing  surfaces,  on  both  the  shaft  and  the  thrust 
bearing.  Most  of  this  wear  undoubtedly  occurred  during  low-speed 
tests  at  the  various  pressure  ratios,  with  the  turboalternator  mounted 
in  a  vertical  position,  thrust  end  up.  In  this  position,  at  low  speeds. 
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the  shaft  tended  to  ride  on  the  inner  thrust  bearing.  The  amount  of 
wear  noted  did  not  appear  to  be  sufficient  to  affect  the  operation  of 
the  turbine.  No  indication  of  wear  on  the  outer  thrust  bearing  sur¬ 
faces  was  evident. 

•  Journal  Bearings.  The  first-stage  journal  be  i rings  showed  the  most 
wear,  with  heavier  score  marks  noted  on  the  shaft  journal  and  on  all 
three  journal  bearing  pads,  as  compared  to  the  journal  bearings  at 
the  thrust  end  of  the  housing.  No  wear  was  indicated  through  the 
center  area  of  the  journal  bearings  at  either  end.  The  wear  marks 
were  within  1/16  inch  from  the  outer  edges  of  the  pads  at  the  first- 
stage  end  and  within  1/32  inch  from  the  outer  edges  of  the  pads  at 
the  thrust  end  of  the  housing.  This  situation  tends  to  confirm  the 
earlier  suspicions  that  the  0.  020- inch-thick  outer  edges  of  this  jour¬ 
nal  bearing  design  are  distorting  with  changes  in  temperature,  re¬ 
ducing  the  journal  bearing  clearances  until  the  pads  touch  the  shaft, 
causing  the  rough  operation  observed. 

•  Journal  Bearing  Pivots.  Only  faint  indications  of  wear  were  noted 
in  the  journal  bearing  pivot  sockets  and  on  the  pivot  balls. 

•  Thrust  Bearing  and  Gimbal  Pivots.  No  actual  wear  was  noted  in  the 
gimbal  pivot  sockets  or  on  the  pivot  balls.  Only  a  slight  discolora¬ 
tion  was  noted  on  the  ends  of  the  pivot  balls  and  in  the  bottom  of  the 
sockets,  indicating  a  burnishing  effect  of  the  balls  riding  in  the  sockets. 

Turboalternator  Build  8 

Six  new  Kentanium- grade  K-165  journal  bearing  pads  were  completed 
(Figure  60).  The  new  Kentanium  journal  bearings  with  the  flat-bottom,  pivot 


Figure  60.  Kentanium-Grade  K-165  Journal  Bearing  Pads 
(Flat-Bottom,  Pivot  Socket  Design) 


socket  design  were  installed  in  turboalternator  assembly  Build  8.  This  as¬ 
sembly  consisted  of  the  1. 1 -inch-diameter,  second-stage,  titanium  turbine 
wheel  and  nozzle.  New  tungsten  carbide  journal  bearing  pivot  balls,  0. 077 
inch  in  diameter,  were  also  used  in  this  assembly.  The  tungsten  carbide 
balls  were  copper-brazed  to  the  end  of  the  304L  stainless  steel  pivot  stems, 
to  provide  a  hard  homogeneous  material  that  will  withstand  the  comparative¬ 
ly  high-hertz  stress  incurred  on  the  tip  of  the  pivot  ball  by  the  new  flat-bottom 
journal  bearing  pivot  sockets.  The  journal  bearing  radial  clearances  were 
adjusted  to  250  microinches.  The  thrust  bearings  were  shimmed  to  give  the 
shaft  a  total  axial  travel  of  0.  0007  inch  and  a  wheel-to-nozzle  axial  clearance 
of  0.  0015  to  0.  0022  inch. 

As  the  new  turboalternator  assembly  was  operated,  the  shaft  orbit  prox¬ 
imity  probes  viewing  the  radial  motion  of  the  shaft  showed  a  much  larger  than 
normal  orbit  at  the  first- stage  end  of  the  shaft.  The  turbine  was  shut  down 
immediately.  Alignment  of  the  wheel-to- shaft  match  marks  used  to  align 
the  turbine  wheel  on  the  shaft  after  balance  corrections,  when  examined,  ap¬ 
peared  very  close  to  normal,  although  it  is  difficult  to  accurately  view  the 
fine  scribe  marks  behind  the  turbine  wheel  in  the  assembly.  The  turbine 
wheel  was  then  removed  from  the  shaft  and  reassembled.  When  the  turbine 
was  again  operated,  the  size  of  the  first- stage  shaft  orbit  improved  slightly, 
but  it  was  still  approximately  twice  as  large  as  that  obtained  in  previous  as¬ 
semblies.  Figures  61  and  62  show  the  proximity  probe  signals  obtained.  A 
slight  roughness  was  also  noted  in  the  first-stage  shaft  orbit  as  the  speed  ap¬ 
proached  100,000  rpm.  The  thrust  proximity  probe  showed  stable  operation 
of  the  shaft  between  the  thrust  bearings. 

Difficulties  were  encountered  in  the  initial  balance  tests  with  the  above 
shaft.  The  first  wheel-to-shaft  assembly  was  made  with  the  first-stage,  0.  5- 
inch-diameter  wheel,  and  tests  indicated  more  material  than  normal  would 
have  to  be  removed  to  make  the  necessary  balance  corrections.  Therefore, 
the  first-stage  wheel  was  removed,  and  balance  tests  were  made  with  the  sec¬ 
ond-stage  turbine  wheel.  This  combination  appeared  to  balance  more  nor¬ 
mally.  However,  there  may  be  an  imperfection  in  this  shaft  assembly,  mak¬ 
ing  the  balance  of  the  assembly  more  critical  than  usual. 

Rather  than  risk  damaging  the  new  parts,  it  was  decided  to  disassemble 
the  turboalternator  and  make  a  new  assembly  with  another  wheel/shaft  com¬ 
bination. 

The  turboalternator  parts  were  examined  under  a  microscope  after  dis¬ 
assembly.  The  only  indication  of  wear  was  at  the  first-stage  journal  bearings. 
The  extreme  outer  edges  of  the  two  journal  bearing  pads  supported  by  the  solid 
pivot  stems  showed  slight  burnishing,  and  the  corresponding  journal  surface  on 
the  shaft  was  discolored.  This  slight  indication  of  wear  was  undoubtedly  caused 
by  the  large  first-stage  orbit.  Otherwise,  the  only  noticeable  change  in  the 
parts  was  a  more  highly  polished  spot  in  the  center  of  each  flat-bottom  pivot 
socket  of  the  journal  bearings,  where  the  tungsten  carbide  ball  was  touching. 
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Figure  61.  Shaft  Orbits  of  Second-Stage  Turboalternator 
Assembly,  Build  8,  Operating  at  100,000  Rpm 
(Oscilloscope  Sensitivity  of  Proximity  Probe 
Signals  =  400  ^in.  / cm) 


Figure  62.  Shaft  Axial  Motion  Between  Thrust  Bearings 
of  Turbcalternator  Assembly,  Build  8,  Oper¬ 
ating  at  100,000  Rpm  (Oscilloscope  Sensitivity 
of  Proximity  Probe  Signal  =  400  pin.  /cm 
Vertically;  Horizontal  Sweep  =  1.0  ms/cm) 
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Because  the  titanium  turbine  wheel  used  in  this  assembly  was  assembled 
and  disassembled  at  least  nine  times  (with  an  interference  fit  of  0.  00055  inch), 
the  wheel  bore  should- be  recoated  with  the  chemical  conversion  coating  and 
should  be  lubricative-plated  with  molybdenum  disulfide,  to  prevent  damage  lo 
the  bore.  A  new  first-stage,  0.  5 -inch-diameter  aluminum  turbine  wheel  re¬ 
cently  received  from  the  Andrews  Engineering  Company  had  been  lubricative- 
plated  and  was  available  for  use  in  the  next  turboalternator  assembly. 

Turboalternator  Build  9 


The  Kentanium  journal  bearing  pads  and  the  new  tungsten  carbide  journal 
bearing  pivot  balls  used  in  Build  8  were  relapped  and  assembled  in  turboalter¬ 
nator  Build  9.  This  assembly  consisted  of  a  new  shaft  balanced  with  a  new 
first-stage,  0.5-inch-diameter,  aluminum  turbine  wheel.  New  0.  063-inch- 
diameter  pivot  balls  were  also  installed  in  the  thrust  bearing  gimbal  assem¬ 
blies,  to  reduce  the  axial  shift  noted  in  the  previous  thrust  bearing  assemblies. 
The  0.  063-inch-diameter  balls  are  0.  005  inch  smaller  in  diameter  than  the 
mating  sockets.  The  original  gimbal  pivot  design  had  a  0.  014-inch  difference 
in  the  ball  socket  diameters.  The  journal  bearing  radial  clearances  were  ad¬ 
justed  to  250  microinches.  The  thrust  bearings  were  shimmed  to  give  the 
shaft  a  total  axial  travel  of  0.  0007  inch  and  a  wheel-to-nozzle  axial  clearance 
of  0.  0015  to  0.  0021  inch. 

The  turboalternator  seemed  to  operate  satisfactorily.  Tests  were  made 
at  speeds  on  the  order  of  100,000  rpm,  and  the  proximity  probe  signals  indi¬ 
cated  stable  operation.  The  shaft  orbit  probe  signals  produced  relatively 
small  orbits  of  80  microinches  at  the  first-stage  end  of  the  shaft  and  100 
microinches  at  the  second- stage  end.  The  thrust  proximity  probe  viewing 
the  end  of  the  shaft,  monitoring  the  axial  motion,  had  a  once-per- revolution 
ripple  of  approximately  20  microinches,  representing  very  stable  thrust 
bearing  operation. 

The  turboalternator  was  operated  in  a  vertical  position,  only  thrust  end 
up,  at  100,000  rpm  for  1/2  hour  and  was  subjected  to  six  start-stop  operations 
as  a  preliminary  test  on  the  Kentanium  journal  bearing  pads,  before  disassem¬ 
bly  to  magnetize  the  shaft  magnet.  During  the  test;3,  the  turboalternator  op¬ 
erated  smoothly,  starting  at  a  low  nozzle  inlet  pressure  of  2.  5  inches  of  mer¬ 
cury.  After  the  inlet  gas  was  turned  off,  the  turbine  coasted  to  a  smooth 
stop,  with  the  shaft  gently  settling  on  the  inner  thrust  bearing  as  the  speed 
decreased. 

The  turboalternator  was  partially  disassembled,  to  magnetize  the  shaft. 
Two  dark,  discolored  areas  were  noted  on  the  shaft  at  the  outer  edges  of  the 
second-stage  journal  bearing  surfaces.  The  discolored  areas  were  very 
similar  in  size  and  relative  position  and  continue  approximately  one-third  of 
the  way  around  the  circumference  of  the  shaft. 


106 


Examination  of  the  discolored  areas  on  the  shaft,  under  an  80-power 
microscope,  indicated  a  smearing  of  a  resin  material  subjected  to  heating, 
causing  a  variation  in  color.  The  first-stage  journal  bearing  surface  on  the 
shaft  did  not  show  the  discoloration  or  any  signs  of  wear. 


The  journal  bearing  pads  were  also  inspected.  All  of  the  pads  from  both 
stages  showed  traces  of  a  translucent  material  on  the  journal  surfaces.  One 
journal  bearing  pad  from  the  second- stage  end,  supported  by  a  solid  pivot 
stem,  showed  slight,  burnished  rub  marks  along  the  outer  edges  of  the  jour¬ 
nal  surface.  More  of  the  translucent  material  appeared  to  be  on  this  pad. 


The  Kentanium  journal  bearing  pads  were  sintered  in  molds  slightly 
oversize,  to  allow  finish  machining  within  drawing  tolerances.  Therefore, 
all  surfaces  had  to  be  ground.  Stems  were  epoxied  in  the  pivot  holes  to  hold 
the  pads  during  the  initial  machining  operations.  After  completion  of  the  initial 
machining,  the  stems  were  removed  by  heating  them  to  soften  the  epoxy.  The 
epoxy  possibly  impregnated  into  the  microporous  Kentanium  material,  and 
during  the  operation  of  the  turboalternator,  sufficient  heat  could  have  been 
generated  in  the  bearing  pads  to  cause  the  epoxy  to  seep  out  of  the  pores  onto 
the  journal  surfaces.  The  larger,  second- stage  orbit  would  cause  more  heat¬ 
ing  of  the  journal  bearings  and  affect  the  second-stage  pads  more  than  the 
first- stage  pads. 

To  confirm  that  the  discolored  areas  on  the  shaft  were  epoxy,  the  shaft 
was  subjected  to  several  commercial  epoxy  remover  solvents.  The  solvents 
tended  to  affect  the  discolored  areas  to  some  degree,  indicating  the  material 
was  epoxy.  However,  the  solvents  also  damaged  the  nitrided  surfaces  on  the 
shaft,  turning  it  into  a  soft  black  substance. 

To  ensure  that  the  epoxy  remover  solvent  recommended  for  the  epoxy 
used  on  the  pads  would  not  damage  the  Kentanium,  a  sample  of  Kentanium  was 
placed  in  the  solvent  for  several  hours,  without  any  effects  noted.  The  Ken¬ 
tanium  pads  were  then  placed  in  the  solvent,  to  remove  as  much  of  the  epoxy 
as  possible.  Then  the  six  Kentanium  bearing  pads  were  subjected  to  a  vacuum 
bake  up  to  35 (fC,  to  remove  the  majority  of  epoxy  in  vapor  form  and  carbonize 
the  remaining  substances  in  the  pores.  The  furnace  vacuum  system  was 
evacuated  to  a  pressure  of  8  x  10-7  millimeters  of  mercury  at  room  tempera¬ 
ture.  The  furnace  temperature  was  increased  slowly,  in  steps  of  5(fC,  up  to 
the  maximum  temperature  of  35CPC  over  a  seven-hour  period.  During  the 
heating  cycle,  the  vacuum  pressure  remained  low,  varying  between  lO-7  to  10"* 
millimeters  of  mercury.  The  pads  were  cooled  in  the  vacuum  atmosphere  to 
prevent  oxidation. 

After  the  vacuum  bake,  the  journal  bearing  surfaces  and  the  pivot  sockets 
were  relapped  to  ensure  clean  surfaces. 


Turboalternator  Build  10 


After  relapping,  the  above  Kentanium  journal  bearing  pads  were  assembled 
in  turboalternator  Build  10.  The  tungsten  carbide  journal  bearing  pivot  balls 
were  also  relapped  before  assembly,  to  ensure  clean  surfaces.  A  new  shaft 
was  balanced  with  the  above  first-stage,  0.  5-inch-diameter,  aluminum  turbine 
wheel.  All  other  parts  used  in  this  assembly  were  taken  from  the  Build  9 
assembly.  The  journal  bearing  radial  clearances  were  adjusted  to  250  micro¬ 
inches,  and  the  thrust  bearings  were  shimmed  to  give  the  shaft  a  total  axial 
travel  of  0.  0008  inch  and  a  wheel-to-nozzle  axial  clearance  of  0.  0015  to 
0.  0023  inch. 

The  turboalternator  operated  very  well.  Tests  were  made  at  speeds  in 
the  order  of  100,000  rpm.  The  proximity  probe  signals  indicated  very  stable 
operation,  and  the  shaft  orbit  probe  signals  produced  exceptionally  small  or¬ 
bits  of  30  to  40  microinches  at  each  end  of  the  shaft.  The  thrust  proximity 
probe  viewing  the  end  of  the  shaft,  monitoring  the  axial  motion,  also  showed 
very  stable  operation.  Figures  63  and  64  show  the  proximity  probe  signals 
obtained. 

This  turboalternator  assembly  was  also  operated  in  a  vertical  position, 
only  thrust  end  up,  at  100,000  rpm  for  1/2  hour  and  was  subjected  to  six 
start-stop  operations,  as  a  preliminary  test  on  the  Kentanium  journal  bear¬ 
ing  pads  before  disassembly  to  magnetize  the  shaft  magnet.  During  the  tests, 
the  turboalternator  operated  very  smoothly,  starting  at  a  low  nozzle  inlet 
pressure  of  2.  5  to  3.  0  inches  of  mercury.  After  the  inlet  gas  was  turned  off, 
the  turbine  coasted  to  a  smooth  stop,  with  the  shaft  gently  settling  on  the  inner 
thrust  bearing  as  the  speed  decreased. 

The  turboalternator  was  then  partially  disassembled,  to  magnetize  the 
shaft  magnet.  A  careful  examination  of  the  shaft  journal  surfaces  under  a 
60-power  microscope  gave  no  indication  of  any  wear  or  discoloration  as  ex¬ 
perienced  in  the  Build  9  assembly.  Therefore,  the  shaft  magnet  was  magnet¬ 
ized,  and  the  turboalternator  was  reassembled. 

The  operation  of  the  turboalternator,  after  reassembly,  was  identical  to 
the  initial  tests.  A  proximity  probe  was  installed  to  monitor  the  outer  thrust 
bearing  motion.  The  pad  proximity  probe  used  in  some  of  the  previous  as¬ 
semblies  was  not  installed,  because  the  new  design  of  journal  bearing  pads 
with  the  flat-bottom  pivot  sockets  required  an  11 -degree  change  in  the  angle 
of  the  probe  viewing  surface,  and  this  would  not  allow  positioning  of  the  probe 
without  interfering  with  the  pad  motion. 

Six  start-stops  were  repeated,  to  test  the  operation  of  the  turboalternator 
after  reassembly  and  to  check  the  position  of  the  outer  thrust  probe  during 
operation.  The  turboalternator  was  then  prepared  for  cold,  open  cycle  testing, 
to  evaluate  operation  with  the  Kentanium  pads  at  temperatures  approaching 
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Figure  63.  Shaft  Orbits  of  f  irst -Stage  Turboalternator 

Assembly,  Build  10,  Operating  at  100,000  Rpm 
(Oscilloscope  Sensitivity  of  Proximity  Probe 
Signals  =  400  pin. /cm) 


f  igure  64.  Shaft  Axial  Motion  Between  Thrust  Bearings 

of  Turboalternator  Assembly,  Build  10.  Oper¬ 
ating  at  100,000  Rpm  (Oscilloscope  Sensitivity 
of  Proximity  Probe  Signal  =  400  pin.  cm 
Vertically;  Horizontal  Sweep  =1.0  ms  cm) 
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liquid  nitrogen  temperature.  The  sealed  housing  was  not  assembled  onto  the 
turboalternator,  because  performance  data  were  not  taken  during  this  prelim¬ 
inary  test  run. 

The  turboalternator  was  operated  for  1  hour  at  room  temperature,  100,000 
rpm,  and  no  load,  to  purge  the  system  with  dry  (5-ppm  moisture  content)  helium 
gas.  Then  liquid  nitrogen  was  gradually  added  to  the  dewar  containing  the  cool¬ 
ing  coil,  to  slowly  cool  the  turboalternator  assembly.  Cold  tests  on  turboalter¬ 
nator  Builds  4,  5,  and  7,  using  the  original  design  journal  bearings,  operated 
roughly  and  were  damaged  as  the  gas  inlet  temperature  approached  IOgPk. 

After  2-1/2  hours  of  cooling  and  gradually  increasing  the  alternator  load 
to  165.5  ohms  (approximately  16  watts)  at  100,000  rpm,  the  turboalternator 
continued  to  operate  very  well  with  the  gas  inlet  temperature  at  93°K  and  an 
average  stator  temperature  of  102°K.  The  only  problem  encountered  was  one 
of  the  orbit  proximity  probe  connections  opened  so  that  only  the  first- stage 
shaft  orbit  could  be  monitored.  Otherwise  the  turtmalternator  operation  was 
essentially  the  same  as  operation  at  room  temperature. 

The  first-stage  orbit  remained  the  same.  A  slight  increase  in  the  axial 
motion  of  the  shaft  and  outer  thrust  bearing  was  noted.  As  the  next  load  point 
of  142  ohms  was  applied  to  the  alternator,  the  turbine  operation  became  un¬ 
stable  in  the  axial  plane.  The  proximity  probes  viewing  the  shaft  and  the  outer 
thrust  showed  comparatively  large  oscillations  and  indicated  that  the  shaft  was 
touching  the  thrust  bearings.  The  alternator  load  was  reduced  immediately, 
and  smooth  operation  was  again  obtained.  The  unstable  operation  may  have 
been  caused  by  the  outer  thrust  bearing  touching  the  proximity  probe  as  the 
gas  flow  to  the  turbine  was  increased  to  maintain  the  speed  at  100,000  rpm, 
with  the  increase  in  the  alternator  load. 

Because  the  operation  of  the  turboaiternator  seemed  to  be  limited  to  the 
above  conditions,  it  was  decided  to  remove  the  alternator  load  and  test  the  jour¬ 
nal  bearing,  at  temperatures  of  approximately  100°K,  with  start- stop  tests. 

Ten  start-stop  tests  were  successfully  made,  with  the  turbine  starting  at  nozzle 
inlet  pressures  ranging  from  3.  2  to  3.  8  inches  of  mercury  and  coasting  to 
smooth  stops  when  the  gas  was  turned  off. 

The  assembly  was  allowed  to  warm  up  to  room  temperature,  and  the  tur¬ 
boaiternator  continued  to  operate  satisfactorily.  The  proximity  probe  viewing 
the  outer  thrust  bearing  definitely  appeared  to  be  positioned  closer  to  the  bear¬ 
ing  than  during  the  initial  adjustment,  indicating  the  diameter  of  the  gimbal 
pivot  balls  should  be  increased  further  to  eliminate  this  type  of  shift  in  the 
thrust  bearings. 

The  turboalterr  ator  was  then  partially  disassembled,  to  allow  examination 
of  the  shaft  journal  surfaces  by  viewing  them  between  the  journal  bearings  under 
a  60-power  microscope.  No  indications  of  wear  or  discoloration  were  evident 
on  the  shaft  journal  surfaces. 


Results  of  the  above  tests  with  the  Kentanium  journal  bearings  have  shown 
considerable  improvement  in  the  operation  of  the  turboalternator  at  the  lower 
temperatures  and  should  be  investigated  further. 

PERFORMANCE  TESTS 


First-Stage  Open  Cycle  Tests 

Details  of  first-stage  open  cycle  performance  tests  are  included  above  in 
the  description  of  functional  tests  under  "Turboalternator  Build  7.  " 

First-Stage  Performance  Test  Results 

The  performance  tests  were  conducted  at  both  room  temperature  and  at 
cryogenic  temperatures  with  both  helium  and  nitrogen  gases,  in  order  to  pro¬ 
vide  a  broad  range  of  performance  test  results  for  the  first-stage  turboalter¬ 
nator.  Only  limited  data  were  obtained  at  cryogenic  temperatures  and  will 
not  be  reported  until  more  data  are  obtained.  However,  considerable  mean¬ 
ingful  data  have  been  obtained  from  the  room  temperature  tests  and  will  be 
discussed. 

The  data  reduction  computer  program  output  sheet  was  changed  from  the 
one  described  in  Contract  Status  Report  No.  26.  "Pressure  Ratio"  was  changed 
to  "Inlet/Exhaust  Pressure  Ratio,"  which  is  the  total  pressure  ratio  across  the 
turbine.  "Wheel  Flow"  was  no  longer  needed  with  the  enclosure  can,  because 
it  is  the  same  as  "Total  Flow.  "  Accordingly,  this  entry  was  changed  to  "Inlet/ 
Nozzle  Pressure  Ratio,"  which  is  the  inlet-pressure-to-nozzle-exit  pressure 
ratio.  Also  with  the  can,  "Alternator  Leakage  Flow  Fraction  "  was  no  longer 
needed,  so  it  was  replaced  with  "Nozzle /Exhaust  Pressure  Ratio"  was  no  longer 
the  ratio  of  the  nozzle  exit  pressure  to  the  turbine  exit  pressure. 

Figure  65  shows  the  overall  efficiency  versus  the  velocity  ratio  for  helium 
gas  at  room  temperature.  The  limitations  of  these  tests,  in  addition  to  the 
extremes  of  the  test  operating  data  obtained,  are  shown  in  Table  4 .  The  various 
constant  pressure  ratios  were  tested  from  1.  1  up  to  the  approximate  design 
pressure  ratio  of  1.  692.  The  performance  results  are  limited  with  the  higher 
pressure  ratios,  due  to  the  high  spouting  velocity  at  the  ambient-temperature 
test  conditions. 

More  meaningful  overall  performance  test  results  are  shown  in  Figure  66, 
in  which  the  overall  efficiency  is  shown  as  a  function  of  the  velocity  ratio  for 
the  set  of  pressure  ratios  in  which  nitrogen  gas  was  used.  A  peak  efficiency 
is  obtained  with  a  velocity  ratio  near  the  design  point  value  of  about  0.  340,  for 
a  pressure  ratio  of  1.7.  Of  course  the  bearing,  windage,  and  electromagnetic 
losses  at  room  temperature  are  much  greater  than  at  the  design  cryogenic 
temperatures;  thus  the  peak  efficiency  is  below  the  design  value  of  0.  4128. 
However,  this  curve  does  establish  credibility  that  the  peak  efficiency  will  be 
on  the  order  of  the  design  point  velocity  ratio. 
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B'igure  65.  Turboalternator  Performance  --  Overall  Efficiency 
Versus  Velocity  Ratio  for  Helium  Gas  at  Room 
Temperature 


The  largest  efficiency  measurement  obtained  is  represented  by  the  wheel 
efficiency  shown  in  Figure  67.  This  efficiency  represents  the  total  efficiency 


Figure  67.  Turboalternator  Performance  --  Wheel  Efficiency  Versus 
Velocity  Ratio  for  Helium  Gas  at  Room  Temperature 


less  the  windage,  bearing,  and  electromagnetic  losses.  In  this  particular 
figure,  the  same  limitations  are  shown  with  helium  gas  at  room  temperature 
testing;  hence  the  test  velocity  ratio  did  not  come  close  to  the  design  point 
velocity  ratio. 

The  wheel  efficiency  obtained  during  operation  with  nitrogen  gas  at  room 
temperature  is  shown  in  Figure  68.  In  this  case,  the  design  point  efficiency 


Figure  68,  Turboalternator  Performance  --  Wheel  Efficiency  Versus 
Velocity  Ratio  for  Nitrogen  Gas  at  Room  Temperature 
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exceeds  the  required  value.  The  best  efficiency  is  achieved  at  approximately 
a  pressure  ratio  of  1.6,  and  a  slight  decrease  in  efficiency  appears  with  a 
pressure  ratio  of  1.7.,  Up  to  the  1.6  pressure  ratio,  the  efficiency  increased 
with  the  pressure  ratio. 

Figures  69  and  70  show  the  flow  factor,  which  is  a  function  of  nozzle  siz¬ 
ing,  for  the  first-stage  test  results  obtained  at  room  temperature  for  helium 
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Figure  69.  Turboalternator  Performance  --  Flow  Factor  Versus 
Velocity  Ratio  for  H  ^ium  Gas  at  Room  Temperature 
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Figure  70.  Turboalternator  Performance  --  Flow  Factor 
Versus  Velocity  Ratio  for  Nitrogen  Gas 
at  Room  Temperature 
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and  nitrogen  gas  operation  as  a  function  of  velocity  ratio  across  the  turbine. 
This  information  would  be  incorporated,  as  required,  in  the  analysis  and  pos¬ 
sible  redesign  of  the  nozzles  for  suitable  refrigerator  cycle  matching. 

The  three  measured  pressure  ratios  across  the  turbine  for  the  perform¬ 
ance  runs  conducted  with  helium  gas  are  shown  in  Figure  71.  For  essentially 


Velucity  Ratio 


Figure  71.  Turboalternator  Performance  --  Pressure  Ratio  Versus 
Velocity  Ratio  for  Helium  Gas  at  Room  Temperature 
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the  same  constant  pressure  ratios  shown  across  the  entire  turbine  stage,  the 
two  pressure  ratios  of  interest  are  shown  to  determine  the  actual  reaction 
and  nozzle  pressures  of  the  unit.  The  upper  set  of  curves  show  the  nozzle 
inlet  pressure  to  the  nozzle  discharge  pressure.  The  lower  set  of  curves 
show  the  nozzle  exit  pressure  to  the  wheel  exhaust  pressure.  Similar  per¬ 
formance  using  nitrogen  as  the  test  gas  in  the  turbine  is  shown  in  Figure  72. 


Figure  72.  Turboalternator  Performance  --  Pressure  Ratio  Versus 
Velocity  Ratio  for  Nitrogen  Gas  at  Room  Temperature 
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These  sets  of  curves  will  be  used  to  analyze  and  correlate  the  potential  of 
flow  leakage  from  one  nozzle  to  the  other.  Hence,  when  the  second- stage  tests 
are  available  under  similar  conditions,  the  possible  interstage  flow  leakage 
will  be  analyzed  and  established. 

Another  operating  characteristic  is  shown  by  a  set  of  curves  of  corrected 
torque  versus  velocity  ratio.  The  performance  data  were  reduced,  as  shown 
in  Figure  73,  for  the  different  constant  pressure  ratio  runs  using  helium  gas 


Figure  73.  Turboalternator  Performance  --  Corrected  Torque  Versus 
Velocity  Ratio  for  Helium  Gas  at  Room  Temperature 
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at  room  temperature.  The  corresponding  performance  data  using  nitrogen 
gas  at  room  temperature  are  shown  in  Figure  74.  These  curves  will  be  valu¬ 
able  for  analysis  and  design  of  the  final  refrigeration  control  system. 


ur* 


Figure  74.  Turboalternator  Performance  --  Corrected  Torque  Versus 
Velocity  Ratio  for  Nitrogen  Gas  at  Room  Temperature 
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PERFORMANCE  RESULTS 


*1 

Initial  room  temperature,  single-stage  test  results  for  the  second-stage 
1.  1 -inch-diameter  wheel  were  reported  in  Contract  Status  Report  27.  Similar 
room  temperature  test  results  for  the  first-stage,  0.  5-inch -diameter  wheel 
are  described  below. 

Because  of  the  relatively  high  bypass  flow  rates  resulting  from  first- 
stage  Runs  100  and  101,  calibration  of  the  housing  leak  rate  characteristic 
was  repeated.  It  was  found  that  there  was  no  significant  difference  in  the 
leak  rate  characteristics. 

There  was  a  difference,  however,  in  the  reference  point  for  this  leakage. 
The  fi-st  runs,  100  and  101,  used  the  turbine  exhaust  as  the  leak  rate  ref¬ 
erence  ambient  pressure.  The  more  recent  runs,  104  and  105,  used  the  am¬ 
bient  pressure  just  outside  the  housing;  this  reference  is  more  consistent 
with  the  nousing  leak  rate  calibration  basis. 

Figures  75  and  76  show  the  flow  factor  performance  test  results  versus 
the  overall  pressure  ratio  for  three  conditions: 


Figure  75.  Flow  Factor  Versus  Overall  Pressure  Ratio 
for  Helium  (Run  104) 
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Flow  Factor  (lb/hr)(/5R/In.  Hg  abs) 


•  Nozzle  calibration  and  no  wheel  installed 

•  Wheel  installed,  but  the  shaft  kept  from  turning  so  the  corrected 
speed  is  zero 

•  Constant  mechanical  rpm  of  about  100,000,  which  resulted  in  a  cor¬ 
rected  speed,  nVt,  of  about  4300  rpm/  R 

Figure  75  shows  the  results  with  helium  gas,  while  Figure  76  shows  the  re¬ 
sults  with  nitrogen  gas.  These  characteristic  results  will  be  supplemented  by 


Figure  76.  Flow  Factor  Versus  Overall  Pressure  Ratio 
for  Nitrogen  (Run  105) 


future  test  results  and  will  be  used  in  conjunction  with  the  sizing  of  the  tur¬ 
bine  nozzle  areas  to  assure  that  proper  flow  to  each  nozzle  in  the  refrigera¬ 
tor  system  has  been  obtained. 

Overall  performance  test  results  were  obtained  at  a  temperature -corrected 
speed  of  about  4300  rpm  /^°R  and  Figure  77  shows  the  flow  factor  and  efficiency- 
versus-velocity  ratio.  The  flow  factor  characteristics  are  typical  for  this  type 
of  operation.  Figure  78  shows  the  leakage  flow  and  corrected  torque  versus 
the  velocity  ratio.  The  leakage  flow  ratio  is  the  fraction  of  the  total  flow  to 
the  alternator  housing,  where  the  leakage  is  measured  from  the  precalibrated 
housing  leakage  characteristic.  The  corrected  torque  shown  is  based  on  the 
measured  electrical  power  output  and  is  a  function  of  the  inlet  pressure  in 
inches  of  mercury  absolute. 

Figure  79  shows  the  three  types  of  efficiencies  derived  from  the  perfor¬ 
mance  test  results  of  the  second  stage  for  both  helium  and  nitrogen  gas  oper¬ 
ation. 

The  wheel  power  is  the  power  input  of  the  turbine  wheel  to  the  shaft. 

Wheel  power  is  determined  by  adding  the  total  measured  electrical  power  out¬ 
put  to  the  sum  of  the  parasitic  losses,  which  includes  Joule  and  core  losses 
and  windage  and  bearing  friction.  The  wheel  efficiency  then  is  the  ratio  of 
the  wheel  power  to  the  isentropic  power  available  across  the  turbine  wheel. 
This  efficiency  measurement  is  reduced  by  any  flow  diverted  from  the  turbine 
wheel,  such  as  the  leakage  to  the  housing.  This  wheel  efficiency  would  in¬ 
crease  directly  as  the  leakage  is  decreased,  because  the  isentropic  power  is 
based  on  the  full  measured  flow  to  the  turbine  nozzle. 

The  temperature-drop  efficiency  is  the  ratio  of  the  calculated  tempera¬ 
ture  drop  to  the  isentropic  temperature  drop.  This  ratio  represents  the  po¬ 
tential  efficiency  if  there  were  no  flow  leakage  losses.  The  actual  tempera¬ 
ture  drop  is  calculated  from  the  electrical  power  output  and  actual  flow  across 
only  the  turbine  wheel.  This  calculation  basis  assumes  that  all  electromag¬ 
netic,  windage,  and  bearing  losses  would  be  absorbed  in  the  turbine  gas 
stream;  this  will  be  the  case  for  actual  turboalternator  design  operation. 

For  open  cycle  tests  with  flow  leaking  to  the  alternator,  this  leakage  flow  pro¬ 
vides  a  coolant  stream  to  carry  away  the  heat  generated  by  the  parasitic 
losses. 

The  overall  efficiency  shown  is  based  on  the  actual  measur  ed  electrical 
power  output  and  the  isentropic  power  input. 

Figures  80  and  81  show  the  computer  program  output  for  the  peak  effi¬ 
ciency  points  obtained  for  the  two  gases  used.  All  entries  were  described 
in  Contract  Status  Report  26. 

Table  6  compares  the  design  point  from  Contract  Status  Report  25  with 
the  two  peak  efficiency  data  points  obtained.  The  nitrogen  data  show  that  the 
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Flow  Factor 

Efficiency  Fraction  (lb/hr)  (/^/In.  Hg  abs) 


Overall  Efficiency 


Helium  (Run  104)  Nitrogen  (Run  105) 


O  A 

Temperature-Drop  Efficiency  0  0 

Wheel  Efficiency  Q  0 

Flow  Factor  □  O 


(nondimens  ional) 


***************  TEST  REFERENCE^ ****** ************** 

POINT  RUN  MONTH  04  Y 

6  104  II  20 

***********0VEHALL  PERFORMANCE** ************ ******* 


T0T  EL  PWR.  SPD#  RPM  0  V4LL  EFF.  CORR.SPD. 

8.6856  100080.  0.1516  4323*21 

**********  el go TR0M4GNETIC  P  ERF0RM4NCE*************** 


♦  ♦♦PHASE  V0LT4GE#  VOLTS***#  LOAD  RES  C L - M >  FRE0»CPS 

30*80  30*80  30.80  326.1  1668.0 

♦  ♦♦♦♦♦♦♦♦PHASE  CURREN  T#  AMPS*********  CORE  loss#  watts 

0.0940  0.0940  0.0940  0.168038 

♦♦♦♦♦♦♦♦♦♦♦PHASE  PWR#WAT  TS************  ELMAG.  EFF. 

2.8952  2.8952  2.8952  0.9627 


*******J0ULE  LOSS/PHASE#  WATTS*******  TOTAL  JOULE  LOSS#  WATTS 
0.0562  0.0562  0.0562  0.1687 

♦♦♦♦♦SLOT  TEMPS#  «♦*♦♦*  4VG  SLOT  T#  R  WDG  RES/PH 
538.110  538.110  538.110  6.3631 


***********  TURBINE  PERFORMANCE********************** 


TUR  I.M  T#R  TUP  EX  T#R  ACT  T  DR#  R  PRESS.  RATIO 

535.90  524.74  11.16  1.3439 

WHL.  PWR.  WHL.  EFF.  WIND  PWR.  BRG.  PWR. 

11.1390  0.1944  0.1040  2.0127 

CORR.  TORQ.  T.D.  EFF.  TIP  SPEED  VEL.  RATIO 

0.1855E-03  0.1867  218.3  0.1133 

TOT.  FLOW  WHL.  FLOW  A/W  FLOW  FLOW  FACT. 

2.633  2.1377  0.1883  1.5446 

JNL.PWR.  PIV.FIL.CL.  TH.L0.PWR.  TH.L0.CL  • 

0.42  1  6  2  50.00  0.58  48  4  50.00 


I 


Figure  80.  Single-Stage  Turboalternator  Open  Cycle  Performance 
with  Helium  Gas  at  Room  Temperature 
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***************  test  REFERENCE* ********* *********** 

POINT  RUN  M0NTH  DAY 

6  105  II  20 

♦♦♦♦♦♦♦♦*♦♦0  VERALL  PERFORMANC  E* ♦*♦♦♦♦ ************** 


T0T  EL  PWR.  SPD/RPM  0VALL  EFF.  C0RR.SPD. 

8.6574  100080*  0.3069  4327.69 

**********  ELEC TR0MAGNETIC  PERFORMANCE*************** 


***PHASE  VOLTAGE*  VOLTS****  LOAD  RES  <L-N>  FREQ*CPS 
30.70  30.70  30.70  326.5  1668.0 


*V*******PHASE  current* amps********* 
0.09  40  0.09  40  0.0  9  40 


CORE  LOSS*  WATTS 
0.168038 


♦♦♦♦♦♦♦♦♦♦♦PHASE  PWR*  WATTS************ 
2.8858  2.8858  2.8858 


ELMAG.  EFF. 
0.9625 


\ 

♦♦♦♦♦♦♦JOULE  LOSS/PHASE* WATTS******* 
0.0563  0.0563  0*0563 


TOTAL  JOULE  LOSS*  WATTS 
0.1689 


♦♦♦♦♦SLOT  TEMPS* R***** 
539.037  538.640 


AVG  SLOT  T*R 
538.839 


WDG  RES/PH 
6.3701 


♦♦♦♦♦♦♦♦♦♦♦TURBINE  performance********************** 


TUR  IN  T*R 
534.79 

TUR  EX  T*R 
512.11 

ACT  T  DR*  R 
22.68 

PRESS.  RATIO 
1.4125 

WHL.  PWR. 
11.1015 

WHL.  EFF. 
0.3935 

WIND  PWR* 
0.3358 

BRG.  PWR. 

1.7714 

CORR.  TORQ. 
.1757E-03 

T.D.  EFF. 
0.451  4 

TIP  SPEED 
218.3 

VEL.  RATIO 
0.2764 

TOT.  FLOW 
7.717 

WHL.  FLOW 
5.2465 

A/W  FLOW 
0.3201 

FLOW  FACT. 

4.2962 

JNL.PWR. 

0.3740 

PIV.FIL.CL. 

250.00 

TH.LO.PWR. 

0.5117 

TH.L0.CL* 

450.00 

\  CR-2277  I 


Figure  81.  Single-Stage  Turboalternator  Open  Cycle  Performance 
with  Nitrogen  Gas  at  Room  Temperature 
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Table  6 


COMPARISON  OF  TURBOALTERNATOR  DESIGN  AND  TEST  RESULTS 

(First  Stage  Alone,  Open  Cycle) 


Characteristic 

Design 

Operation* 

Warm 
Operation 
Data  Point  6 
(Run  104) 

Warm 
Operation 
Data  Point  6 
(Run  105) 

Gas 

He 

He 

n8 

Inlet  temperature  (°  R) 

22.  40 

535.  9 

534.  8 

Inlet  temperature  (°K) 

12/46 

298.  0 

296.  5 

Exhaust  pressure  (psia) 

5.384 

14.  41 

14.47 

Pressure  ratio 

1.  692 

1.3439 

1.4125 

Speed  (rpm) 

80,  000 

100, 0o0 

100,  080 

Corrected  speed  (rpm/°R) 

16,  930 

4323. 2 

4327.  7 

Velocity  ratio 

0.3400 

0.  1133 

0.2764 

Overall  efficiency 

0.4128 

0.  1516 

0.  3069 

Temperature -drop  efficiency 

-- 

0. 1867 

0.4514 

Wheel  efficiency 

0.4727 

0.  1944 

0.  3935 

Electromagnetic  efficiency 

0.  945 

0.  9627 

0.  9625 

Flow  factor 

1.  570 

1.  5446 

4.  2962 

Total  mass  flow  (lb/hr) 

6.  156 

2.633 

7.  717 

Wheel  flow  (lb /hr) 

-- 

2. 1377 

5.  2465 

Leakage -to -total- flow  ratio 

-- 

0.  1883 

0.  3201 

Net  electric  power  (watts) 

4.019  j 

8.  686 

8.  6574 

Wheel  power  (watts) 

4.496 

11.  139 

11.  102 

Windage  losses  (watts) 

0.  1350 

0.  1040 

0.  3358 

Bearing  losses  (watts) 

0.3185 

2.  0127 

1.  7714 

Core  plus  Joule  losses  (watts) 

0.2486 

0.3367 

0.  3369 

Total  parasitic  losses  (watts) 

0.7021 

2.4534 

2.4441 

Wheel  axial  clearance  (mils) 

0.  001 

0.  002 

0.  002 

♦  From  Contract  Status  Report  25. 
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design  efficiency  of  0.  4128  can  be  met  with  no  leakage,  because  of  the  high 
temperature-drop  efficiency  of  0.  4514.  This  point  is  near  the  design  velocity 
ratio  of  0.340.  Other  entries  in  the  table  also  provide  some  basis  for  being 
optimistic  that  the  design  point  efficiency  can  be  achieved. 

CRYOGENIC  TEMPERATURE  TESTS 


Additional  performance  tests  were  conducted  at  cryogenic  temperatures, 
in  the  vicinity  of  177°K  (318°R).  Table  7  lists  tjie  runs  completed. 

Performance  data  were  obtained  and  reduced,  and  curves  were  plotted, 
including: 
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Overall  Efficiency  (fraction) 


•  Overall  efficiency  versus  velocity  ratio 

•  Wheel  efficiency  ver  sus  velocity  ratio 

•  Flow  factor  versus  velocity  ratio 

•  Corrected  torque  versus  velocity  ratio 

•  Flow  factor  versus  corrected  speed 

•  Electrical  power  output  versus  speed 

•  Pressure  ratio  versus  velocity  ratio 

•  Flow  factor  versus  pressure  ratio 

These  curves  are  included  as  Figures  82  through  105. 


Figure  82,  Turboalternator  Performance  —  Overall  Efficiency 
Versus  Velocity  Ratio  for  Helium  Gas  at  318°R,  177°K 
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Wheel  Efficiency  (fraction) 
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Figure  84.  Turboalternator  Performance  --  Flow  Factor  Versus 
Velocity  Ratio  for  Helium  Gas  at  318°  R,  177°K 


Flow  Factor 


2.  Of 


1,0 


oL 

0 


— 

— 

Pressur 

— 

'e 

Symbol 

Ratio 

Run 

0 

1.  5 

121 

A 

1,6 

122  - 

0 

1.  7 

123 

1.0  2.0  3.0  4.0 

Corrected  Speed  (thousands  of  rpm//°  R  (N//T) 


5.0  6.0 

CR-2476 


Figure  85.  Turboalternator  Performance  --  Flow  Factor  Versus 
Corrected  Speed  for  Helium  Gas  at  318°R,  177°K 
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/in.  HgA)  (x  103) 


Figure  86.  Turboalternator  Performance  --  Corrected  Torque  Versus 
Velocity  Ratio  for  Helium  Gas  at  318°R,  177°K 
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Corrected  Torque  ( 


Figure  87.  Turboalternator  Performance  --  Electrical  Output  Power 
Versus  Speed  for  Helium  Gas  at  318°R,  177^K 
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Flow  Factor 


Figure  88.  Turboalternator  Performance  --  Flow  Factor  Versus 
Pressure  Ratio  for  Helium  Gas  at  318°R 
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Pressure  Ratio 


Figure  89.  Turboalternator  Performance  —  Pressure  Ratio 
Versus  Velocity  Ratio  for  Helium  Gas  at  318°R 
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i 

Figure  90.  Turboalternator  Performance  --  Flow  Factor  Versus 
Corrected  Speed  for  Helium  Gas  at  Room  Temperature 


£• 


140 


Flow  Factor 
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Symbol 
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Ratio  Run 


0  1.0  2.0  3.0  4.0  5.0 
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Figure  91.  Turboalternator  Performance  --  Flow  Factor  Versus 

Corrected  Speed  for  Nitrogen  Gas  at  Room  Temperature 


Pressure  Ratio 


Figure  92.  Turboalternator  Performance  --  Pressure  Ratio  Versus 
Velocity  Ratio  for  Helium  Gas  at  Room  Tempei  avare 
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Corrected  Torque  (in.  -lb/in.  HgA)  (x  10*) 


0.4 


Figure  93.  Turboalternator  Performance  --  Corrected  Torque  Versus 
Velocity  Ratio  for  Nitrogen  Gas  at  Room  Temperature 
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Figure  94.  Turboalternator  Performance  --  Flow  Factor  Versus 
Velocity  Ratio  for  Helium  Gas  at  Room  Temperature 


Flow  Factor 
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Figure  95.  Turboalternator  Performance  --  Flow  Factor  Versus 
Velocity  Ratio  for  Nitrogen  Gas  at  Room  Temperature 
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Figure  97.  Turboalternator  Performance  --  Wheel  Efficiency  Versus 
Velocity  Ratio  for  Helium  Gas  at  Room  Temperature 
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Wh““l  Efficiency  (fraction) 
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Figure  99.  Turboalternator  Performance  --  Wheel  Efficiency  Versu: 

Velocity  Ratio  for  Nitrogen  Gas  at  Room  Temperature 
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Overall  Efficiency  (fraction) 


Figure  100.  Turboalternator  Performance  —  Overall  Efficiency  Versus 
Velocity  Ratio  for  Helium  Gas  at  Room  Temperature 


150 


Overall  Efficiency  (fraction) 


Velocity  Ratio  CR-2336 

Figure  101.  Turboalternator  Performance  --  Overall  Efficiency  Versus 
Velocity  Ratio  for  Nitrogen  Gas  at  Room  Temperature 
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Figure  103.  Turboalternator  Performance  --  Flow  Factor  Versus 
Pressure  Ratio  for  Nitrogen  Gas  at  Room  Temperature 


Electrical  Output  Power  (watts) 


Figure  105.  Turboalternator  Performance  --  Electrical  Output  Power 
Versus  Speed  for  Nitrogen  Gas  at  Room  Temperature 
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Section  4 


CRYOGENIC  HEAT  EXCHANGERS 


This  section  describes  the  analysis,  design,  fabrication,  and  testing  of 
a  cryogenic  heat  exchanger  system  for  Refrigerator  B.  Specifications  for 
this  heat  exchanger  system  are  given  in  Reference  2. 

The  design,  fabrication,  and  testing  of  the  exchanger  were  performed 
under  a  subcontract  by  Kinergetics,  Inc.  This  section  of  the  report  was  sub¬ 
mitted  by  Kinergetics,  Inc. 

Because  of  a  series  of  mechanical  problems  associated  with  the  manifold 
connections,  the  heat  exchanger  system,  as  designed,  could  not  be  made  to 
function  without  excess  external  leakage.  As  a  result,  a  test  exchanger 
cover  and  manifold  assembly  were  fabricated  and  attached  to  the  exchanger  to 
allow  thermal  testing  of  one  exchanger  section.  The  design  and  fabrication 
descriptions  of  this  report  include  the  configuration  of  the  exchanger,  as 
tested,  and  the  analysis  and  test  portions  include  only  the  section  tested  and 
the  tests  actually  performed. 

EXCHANGER  SYSTEM  CONFIGURATION 


Figure  106  and  Table  8  pertain  to  the  tested  configuration  of  the  heat  ex¬ 
changer.  The  basic  exchanger  system  is  fabricated  essentially  as  shown  in 


Table  8 

RPX-04  STACKING  ORDER 


Re  f»r«iic« 

Lamina 
(Section  No.) 

Length  (Inch**) 

lamina 

Thickness 

(Inches) 

Screen  Mesh 

Screen 

Wire  Diameter 
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Number  of  Required 
Screen  Lamina 
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Figures  107  and  108,  which  is  a  design  to  satisfy  the  full  system  requirements. 
However,  the  manifolds  depicted  in  Figures  107  and  108  have  been  removed, 
and  the  cover  can  shown  in  Figure  106  has  been  added.  The  clamping  bolt  as¬ 
sembly  shown  in  Figure  106  was  also  added  during  the  program  and  would  re¬ 
main  as  a  part  of  the  finished  system. 

BASIC  EXCHANGER 


The  basic  exchanger  is  constructed  of  plastic  and  copper  screen.  It  is 
fabricated  by  forming  a  sandwich  layup  of  alternating  screen  disks  and  plastic 
lamina  patterns  (Figure  109)  heating  this  mass  and  compressing  it  to  force  the 
plastic  lamina  through  the  voids  in  the  screen  mesh.  When  cooled,  a  solid 
cylindrical  block  is  formed,  with  longitudinal  openings  through  its  length.  The 
fused  plastic  forms  solid  walls  that  separate  the  gas  flows  from  each  other  and 
from  the  outside  atmosphere.  The  fine  screen  mesh  that  fills  these  gas  flow 
passages  creates  a  matrix  with  excellent  heat  transfer  characteristics. 

The  separate  gas  flow  passages  are  connected  conductively  by  the  screen 
wire,  which  passes  through  the  separating  walls.  At  the  same  time,  the  plas¬ 
tic  forms  an  effective  insulator  to  conduction  in  the  longitudinal  direction.  The 
flow  areas  may  be  infinitely  varied  by  changing  the  size  of  the  pie -shaped  seg¬ 
ments  that  are  stamped  into  the  circular  lamina  patterns.  Flow  unbalance 
compensation  is  obtained  by  varying  the  size  of  these  segments  along  the  length 
of  a  given  section  (Ref.  3).  Typical  variation  is  ±10  percent  from  nominal. 

The  screen  material  chosen  for  these  exchanger  modules  is  a  woven  wire 
mesh  of  ETP  copper.  The  plastic  material  is  polystyrene  sheet.  Figures 
110  and  111  show  typical  lamina  and  screen  parts. 

In  fabricating  a  complete  exchanger,  a  number  of  modules  of  practical 
length  (2  to  8  inches)  are  made.  The  exchanger  system  is  then  formed  by 
bonding  the  required  exchanger  modules  together.  This  bonding  was  accom¬ 
plished  using  polyurethane  glue  (Crest  Products  7343/7139). 

Inlet  and  outlet  openings  were  formed  in  the  side  of  the  exchanger  by 
machining  the  circumference  at  selected  points.  These  points  contain  selected 
manifolding  laminae  (Figure  112).  When  these  laminae  are  machined  to  a  given 
radius,  the  proper  passages  are  exposed,  while  the  alternate  flow  remains 
captive.  Figure  113  shows  the  completed  basic  exchanger  assembly. 

The  system  is  clamped  together  in  the  longitudinal  direction  by  a  through- 
bolt  down  the  open  center.  This  clamping  greatly  strengthens  the  exchanger 
and  helps  prevent  leakage  at  the  module  joints.  The  bolt  is  a  1/2 -inch -diameter 
Inconel  718  rod,  threaded  on  the  warm  end.  The  flanged  cold  end  is  carried  in 
a  stainless  steel  cap  structure,  which  transfers  the  loads  to  the  exchanger  body. 
The  threaded  end  carries  a  nut  and  washer,  which  transfers  loads  to  a  set  of 
Belleville  springs.  These  springs  are  carried  in  the  warm  end  manifold  struc- 
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Figure  109.  Basic  Exchanger  Construction 


Figure  110.  Typical  Lamina 
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Figure  113.  Basic  Exchanger  System 

lure,  and  the  loads  are  transferred  to  the  exchanger  body  through  this  struc¬ 
ture.  An  O-ring  fits  the  shaft,  where  it  passes  through  the  warm  manifold, 
sealing  the  exchanger  interior  cavity  from  the  outside. 

The  Belleville  springs  are  sized  to  provide  a  clamping  load  varying  from 
20,000  pounds  warm  to  15,000  pounds  cold.  The  load  variation  occurs  because 
of  the  approximately  0.335-inch  differential  in  longitudinal  contraction  between 
the  exchanger  body  and  the  boit  during  cooldown. 

COVER  AND  MANIFOLDING 

To  prevent  external  leakage  and  perform  a  substitute  manifolding  function, 
the  cover  can  assembly  shown  as  Item  2  in  Figure  106  was  fabricated  and  in¬ 
stalled  for  testing.  The  can,  made  primarily  from  0.  060-inch  wall  thickness 
304  stainless  steel,  forms  a  welded  one-piece  cover,  with  the  only  joints  at 
the  warm -end  base  and  inlet  and  outlet  ports.  The  warm  end  is  sealed  by  an 
O-ring  at  the  base  flange.  The  port  connections  are  sealed  with  copper  crush 
washers,  according  to  the  original  design. 
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The  can  was  installed  in  two  steps.  The  warm  section,  up  to  and  includ¬ 
ing  the  Section  7  outlet  port,  was  first  slipped  over  the  exchanger  and  bolted 
to  the  warm  flange.  A  U-shapeJ  Teflon  ring  was  then  bonded  between  the  can 
and  the  exchanger,  just  above  the  outlet  port.  The  annular  space  between  the 
exchanger  and  the  can  forms  an  outlet  manifold  for  exchanger  Section  7.  The 
area  below  the  ports  is  filled  with  open-cell  polyurethane  foam,  to  prevent 
convection  losses  down  this  annulus  to  the  warm  end. 

The  top  can  section  was  then  placed  over  the  exchanger  and  welded  at  the 
intermediate  flange.  The  upper  cavity  formed  the  inlet  manifolding.  No  in¬ 
sulation  was  used  here,  because  this  section  is  isothermal  during  testing. 
Figure  1  i4  shows  the  exchanger  system  with  the  cover  can  installed. 


Figure  114.  Exchanger  and  Cover 
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The  warm-end  manifold  is  fabricated  from  302  stainless  steel.  It  con¬ 
tains  two  annular  rings  that  are  connected  to  alternate  passages  by  machined 
cutouts  in  the  exchanger  end,  thereby  separating  the  two  flows.  The  system 
inlet  and  outlet  connections  are  made  to  these  annular  rings.  This  manifold 
also  carries  the  system  mounting  flange  and  the  support  structure  for  the 
clamping  bolt. 

PERFORMANCE  ANALYSIS 

BASIC  APPROACH 


The  exchanger  performance  analysis  utilizes  the  methods  of  the  Ntn  ap¬ 
proach  to  heat  exchanger  design.  (See  Reference  4  for  definitions  and  nomen¬ 
clature.  )  Specifically,  the  following  basic  equations  are  used: 
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1  -  c 
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= !+!+! 
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where  Xh  and  Xe  are  the  hot  and  cold  gas  Ntu's,  respectively  and  Xk  is  the  con¬ 
duction  N. 
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Finally,  the  pressure  drop  is  found  from  the  Fanning  equation: 

2  P  r. 


(3) 


Values  of  j  and  f  are  found  from  the  graphs  of  Appendix  I,  "Heat  Exchanger 
Design  Performance  Calculations,"  using  the  familiar  Reynolds  No.  equation: 


N,  = 


4rhG 

and  the  hydraulic  radius  equation  for  mesh  screen: 

r  =  ^  v 

h  4  1  -  v 

where  v  is  the  screen  void  volume  fraction. 


The  effect  of  longitudinal  conduction  is  calculated  using  the  method  of 
Reference  4  (p.  31).  The  conduction  through  the  helium  screen  mesh  is  found 
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using  Figure  124  and  using  the  definitions  and  nomenclature  of  Reference  3. 
Gas  properties  data  were  taken  from  Reference  5. 

DESIGN  PERFORMANCE  CALCULATIONS 


Using  the  basic  exchanger  relationships  and  the  configuration  data  given 
above,  the  expected  performance  of  the  exchanger  was  determined.  A  num¬ 
ber  of  parameters  must  be  calculated  for  each  of  six  distinct  exchanger  sec¬ 
tions.  Table  9  lists  parameters  for  exchanger  Section  7  at  design  flow  condi - 

Table  9 

PERFORMANCE  CALCULATION  PARAMETERS 
FOR  HEAT  EXCHANGER  SECTION  7 


ii 


■i 

1 


J  Subsection 

5 

3 

4 

Screen  (diameter  in  inches) 

26  mesh.  0.010  diameter 

35  mesh,  0.0075  diameter 

40  mesh,  0.007  diameter 

Lamina 

3203 

3204 

3203 

Flow  area  (cm2) 

66.2  high  pressure 

53,2  high  pressure 

64.  5  high  pressure 

121.2  low  pressure 

135.5  low  pressure 

120.0  low  pressure 

Mass  flow  (gm/sec) 

- 

2.855 

-- 

Hydraulic  radius  (centimeters) 

33.1  x  I0'1 

I7.«  «  10-J 

15.0  x  10’1 

G  (gm/sec  cm2) 

4.36  high  pressure 

5.37  high  pressure 

4 .4  3  high  pressure 

2.36  low  pressure 

2.36  low  pressure 

Average  temperature  (  K) 

308 

257 

20£ 

M  (centipoise) 

i.M  ,  l#-» 

1.11  i  10-* 

1.6T  x  10‘* 

nr 

20.6  high  pressure 

21.1  high  pressure 

16.6  high  pressure 

11.0  low  preaeur* 

8.3  low  pressure 

8.9  low  pressure 

ih^(cm)* 

1.40  i  10* 

1.50  x  10* 

1.78  X  10* 

j 

0.345  high  pressure 

0.34  high  pressure 

0.395  high  pressure 

0.55  low  pressure 

0.705  low  pressure 

0.67  low  pressure 

f 

3.3  high  pressure 

3.2  high  pressure 

4.0  high  pr-ssure 

0.05  low  pressure 

7 . 6  low  pressure 

7,0  low  pressure 

L  (cm) 

7.48 

7.43 

6.39 

V 

0.703 

0.686 

0.685 

X 

137  high  pressure 

ISO  nigh  pressure 

213  high  pressure 

217  low  pressure 

372  low  pressure 

361  low  pressure 

0  (gm/om2l  x  10^ 

101  high  pres  >ure 

120  high  pressure 

149  high  pressure 

S3  low  pressure 

62  low  pressure 

77  low  pressure 

AP  (atmospheres)  x  102 

0.85  high  pressure 

1 . 55  high  pressure 

1.08  high  pressure 

0.85  low  pressure 

1 .06  low  pressure 

1.09  low  pressure 

Screen  co.xhictivlty  ^ 

-- 

4.24 

- 

Conduction  area  (cm2) 

-- 

22.6 

~ 

Conduction  length  (centimeters] 

-- 

0.737 

-- 

Xk-(kA/lrt>cp) 

-- 

523 

-• 

Helium  conductivity  ^ 

- 

15.0  x  10-* 

-- 

kjkt 

- 

283 

-- 

ka/kg 

**  cm  K 

-- 

1.7 

25.5  x  10'4 

Longitude  conduction  area  (cm2) 

-- 

227 

-• 

-- 

0.00165 

•For  calculated  and  teat  data  comparisons  only. 
•  •See  curve  A -4  In  Appendix  A: 

Net  \i  XH  •  137  +  1B0  ♦  213  -  530 
XL-  217  ♦  372  ♦  301  •  850 


Xj-  - 


1 


’  206 


530  *  T55  *  ife 

•d ' f?7  '  °’M51 

«D  ■  0.(951  -  0,0017  •  0,0*34 

Total  AP; 

High  Pressure  —  (0.95  ♦  1.55  ♦  1.08)  x  10’J  • 
Low  Pressure  --  (0.85  ♦  1.08  ♦  1.09)  x  10'2  ■ 


0.0358  atmospheres 
0.0312  atmospheres 


ICR-11011 
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tions.  Appendix  111  contains  typical  calculations  for  the  parameters  in 
the  table,  as  well  as  exchanger  matrix  properties  used  in  the  analysis. 
The  end  data  points  .are  the  effectiveness  and  pressure  drop  of  the  total 
section,  presented  with  the  corresponding  specification  values: 


Characteristic 


Design  Specified 


Overall  Ntu  206* 

Overall  effectiveness  0.9935 

Pressure  drop,  high-pressure  flow  (atmospheres)  0.0359 
Pressure  drop,  low-pressure  flow  (atmospheres)  0.0312 


0.990 
0.  0162 
0.0169 


Calculated  effectiveness  and  pressure  drop,  at  design  and  off-design 
flow,  are  also  presented  on  the  test  data  curves  in  the  following  subsectioi  . 


TESTING 


Because  of  changes  in  the  system  contract  and  statement  of  work,  ex¬ 
changer  testing  was  reduced  from  that  called  for  in  the  original  contract. 

The  intent  of  the  testing  that  was  conducted  was  to  demonstrate  that  the  basic 
heat  exchanger  design  could  give  the  required  thermal  performance.  Because 
of  the  physical  limitations  described  above  under  "Exchanger  System  Config¬ 
uration,  "  only  one  section  of  the  exchanger  (Section  7,  the  warmest)  was 
tested. 

TEST  PROCEDURE 


The  test  specifications  called  for  four  separate  performance  tests: 

•  External  leakage 

•  Stream -to-stream  leakage 

•  Thermal  effectiveness 

•  Pressure  drop 

The  following  subsections  describe  the  general  test  philosophy  and  methods 
utilized  to  perform  these  tests.  Specific  procedures  are  presented  in  Appen¬ 
dix  II,  "Heat  Exchanger  Test  Procedure.  " 

External  Leakage 

During  this  test  program,  the  exchanger  was  checked  for  external  leak¬ 
age  using  two  methods.  Before  as  sembling  the  exchanger  in  the  thermal  test 
setup,  it  was  pressurized  with  10-psi  helium,  and  the  input  flow  rate  was 
measured  with  a  flowmeter  having  a  maximum  scale  reading  of  2000  scc/min 

*Does  not  include  effect  of  longitudinal  conduction. 
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air.  If  the  flowmeter  reading  was  7ero,  the  unit  was  considered  acceptable 
for  testing.  If  leakage  flow  was  indicated,  repairs  were  made. 

After  the  exchanger  was  installed  in  the  test  vacuum  chamber,  leak  tight¬ 
ness  was  checked  by  a  helium  mass  spectrometer  with  a  sensitivity  of  1.  5  x 
10-9  torr-liters/sec.  Helium  was  introduced  into  the  exchanger  at  10  psi. 

Any  reading  on  the  leak  tester  was  cause  for  disassembly  and  repair. 

Stream -to-Stream  Leakage 

This  test  was  conducted  by  pressurizing  the  high-pressure  side  of  the 
exchanger  and  attaching  a  flowmeter  to  the  only  open  low-pressure  port. 

The  flowmeter  reading  then  indicated  the  leakage  rate.  This  reading  included 
any  leakage  past  port  coverings  and  seals  as  well  as  any  internal  leakage  in 
the  exchanger  body. 

Thermal  Effectiveness  Test 


This  test  was  the  heart  of  the  test  program.  A  special  test  system  (Fig¬ 
ures  115  and  116)  was  constructed  for  this  program.  Measurement  of  heat 
exchanger  effectiveness  requires  determination  of  the  difference  in  tempera¬ 
ture  between  the  entering  and  leaving  gas  streams.  Because  this  difference 
is  very  small  (about  3°K  in  a  high -efficiency  exchanger),  thermocouples  or 
other  direct  measurement  devices  are  not  sufficiently  accurate  for  efficiency 
determination. 


Figure  115.  Test  System  and  Exchanger 

with  Vacuum  Chamber  Removed 
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Figure  116.  Test  System  with  Vacuum  Chamber  Installed 

The  Kinergetics,  Inc.  test  system  used  an  indirect  accurate  scheme 
for  the  measurement  of  this  temperature  difference.  The  gas  flow  leaving 
the  exchanger  was  circulated  through  a  coil  heat  exchanger  immersed  in 
liquid  nitrogen.  This  arrangement  provided  the  cooling  for  the  cryogenic 
test  and  also  afforded  the  measured  quantity,  which  determined  the  temper¬ 
ature  difference.  The  cooling  coil  was  contained  in  a  dewar,  which  was  ef¬ 
fectively  insulated  from  its  surroundings.  Thus  the  liquid  nitrogen  evapor¬ 
ated  from  the  dewar  was  directly  proportional  to  the  cooling  of  the  gas  flow, 
and  with  knowledge  of  the  gas  mass  flow,  the  corresponding  temperature 
change  could  be  easily  calculated. 

As  shown  in  the  schematic  diagram  (Figure  117),  the  exchanger  and  the 
liquid  nitrogen  dewar  are  contained  in  a  common  vacuum  chamber.  The  ex¬ 
changer  warm-end  inlet  and  outlet  pipes  are  exposed,  as  is  the  top  end  of 
the  liquid  nitrogen  dewar.  Both  the  exchanger  and  the  dewar  are  wrapped  in 
40  layers  of  l/2-mil-thick  aluminized  Mylar,  and  the  inner  surfaces  of  the 
vacuum  chamber  are  covered  with  aluminum  foil.  Flexible  hoses,  also 
wrapped  in  insulation,  connect  the  appropriate  exchanger  supply  and  return 
ports  with  the  cooling  coil.  Figure  117  indicates  the  hose  connections  used 
in  the  reported  test. 

The  helium  gas  flow'  is  supplied  by  a  Roots-type  blower  driven  by  a  u-hp 
synchronous  motor.  The  blower  speed  is  3000  rpm,  and  the  maximum  helium 
flow  rate  is  45  cfm  at  10  psi,  under  test  conditions. 
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Figure  117,  Schematic  Diagram  of  Test  System 
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The  flow  circuit  is  closed,  and  helium  is  supplied  from  a  high-pressure 
bottle  to  make  up  the  system  leakage  loss.  The  flow  rate  is  measured  by  a 
Meriam  Model  50  MC2-2S  laminar  flowmeter  and  a  Barton  differential  pres¬ 
sure  gage  located  in  the  return  flow  path.  The  flow  rate  is  controlled  by  a 
bypass  valve  that  allows  the  flow  to  circulate  directly  from  the  pump  outlet 
to  the  inlet  without  entering  the  exchanger  circuit.  Closing  this  valve  increases 
the  flow.  Pressure  gages  are  located  at  the  pump  inlet  and  outlet  points,  as 
a  check  on  the  system  pressure  drop. 

A  branch  circuit,  which  allows  the  flow  to  bypass  the  high-pressure  side 
of  the  exchanger,  is  also  included.  This  circuit  is  only  used  during  cooldown 
and  is  closed  during  actual  performance  testing.  By  temporarily  eliminating 
the  warm  gas  flow  in  this  manner,  the  exchanger  cooldown  rate  is  greatly 
increased. 

Thermocouples  were  attached  at  several  points  on  the  exchanger  cover. 
Their  purpose  was  to  indicate  when  the  system  had  reached  equilibrium,  and 
they  were  not  primary  data  sources. 

A  Fischer  and  Porter  rotameter,  with  a  maximum  flow  capability  of  1. 30 
scfm  air,  was  attached  to  the  top  of  the  liquid  nitrogen  dewar  and  was  the  only 
outlet  for  boiloff  nitrogen  during  the  test.  A  12-foot-long,  1/2-inch-inside- 
diameter  hose  separated  the  flowmeter  from  the  dewar,  warming  the  nitrogen 
gas  to  nearly  room  temperature  before  it  entered  the  flowmeter. 

The  basic  test  procedure  was  to  cool  the  exchanger  until  equilibrium 
temperature  was  reached  at  the  coldest  point  of  the  section  to  be  tested.  The 
helium  flow  was  then  varied  from  10  percent  of  maximum  to  maximum,  and 
the  nitrogen  boiloff  flow  rate  was  measured.  The  helium  flow  was  maintained 
constant  at  each  level  for  5  minutes  or  until  the  nitrogen  boiloff  rate  was  stable. 


Pressure  Drop 


Exchanger  pressure  drop  was  measured  at  room  temperature,  using  both 
nitrogen  and  helium  gas.  Because  of  the  limitations  of  the  exchanger  porting 
configuration,  only  the  high-pressure  passages  of  Section  7  could  be  tested. 


The  procedure  was  to  flow  gas  into  the  warm -end  inlet  port,  through  the 
exchanger,  and  out  of  the  Section  7  supply  port.  Pressure  gages  were  attached 
to  the  piping  at  the  inlet  and  supply  ports.  In  the  helium  test,  flow  was  sup¬ 
plied  by  the  Roots  pump  and  read  on  the  normal  system  flowmeter.  With 
nitrogen,  it  was  necessary  to  use  a  bottle  and  rotameter,  in  open  circuit  con¬ 
figuration,  to  obtain  sufficiently  small  Reynolds  numbers.  Both  Bourdon  tube 
gages  and  manometers  were  used  to  check  the  inlet  and  outlet  pressures. 
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TEST  RESULTS 


External  Leakage 

Leak  testing  with  a  CEC  Type  24-120B  helium  mass  spectrometer  with  a 
sensitivity  of  1.5  x  10"9  torr-liters/sec  showed  no  evidence  of  external  leak¬ 
age.  During  the  thermal  test,  the  minimum  vacuum  obtained  in  the  chamber 
was  25  x  10 "3  torr.  This,  however,  included  leakage  into  the  chamber  from 
the  atmosphere,  leakage  through  the  test  piping  connections,  and  outgassing 
of  the  chamber  interior  and  contents. 

Stream -to -Stream  Leakage 

Stream -to -stream  leakage  was  tested  at  a  2-psi  differential  pressure. 
The  total  leakage  flow  was  measured  to  be  3500  cm3/ min  of  helium,  which  is 
0.34  percent  of  the  nominal  system  gas  flow  rate. 

Thermal  Efficiency 

The  raw  test  data  are  presented  in  Appendix  III,  "Heat  Exchanger  Test 
Data  and  Data  Reduction. "  Included  is  the  test  elapsed  time,  system  flow 
rate  and  pressure,  and  the  nitrogen  boiloff  flow  rate.  These  data  were  taken 
under  conditions  of  25  x  10 “3  torr  chamber  vacuum,  86°K  temperature  of  the 
exchanger  cover  at  the  level  of  the  Section  7  supply  ports,  and  with  the  liquid 
nitrogen  dewar  approximately  one -fourth  full.  The  raw  data  of  flowmeter 
differential  pressure  versus  the  liquid  nitrogen  boiloff  rate  are  plotted  in 
Figure  118. 


Figure  118.  Helium  Flow  Versus  Nitrogen  Boiloff 
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To  obtain  exchanger  thermal  efficiency,  the  data  are  reduced  by  the 
following  process: 

1.  The  Meriam  flowmeter  curves  are  entered  at  the  appropriate  dif¬ 
ferential  pressure  to  obtain  the  corresponding  mass  flow  rate  of  air. 
This  value  is  then  corrected  for  helium  viscosity  (x  0.912)  and  multi¬ 
plied  by  the  density  of  helium,  calculated  at  70°F,  and  the  system 
outlet  pressure,  to  obtain  the  helium  mass  flow  rate. 

2.  The  nitrogen  flowmeter  readings  are  multiplied  by  1.30  (the  maximum 
flow  rate)  and  the  density  of  nitrogen  at  room  conditions  to  obtain  the 
nitrogen  boiloff  mass  flow  rate. 

3.  The  temperature  difference  between  the  gas  streams  (fiT)  is  then  found 
by  comparing  the  heat  capacity  of  the  helium  flow  to  the  nitrogen 
mass  flow  times  the  latent  heat  of  nitrogen  (X^).  Again  using  the 
definitions  and  nomenclature  of  Ref,  4 : 

Q  =  X  fja  =  mH,  C  pHe  6T 
or: 

. 

mH.  Cph« 

4.  The  effectiveness  is  calculated  by: 

AT 

6  "  AT  +  6T 

where  AT  is  the  temperature  difference  between  the  gas  entering 
the  warm  end  and  the  gas  leaving  the  cold  end.  In  this  case,  AT  = 

210.  5°C. 

The  measured  effectiveness  at  the  various  helium  mass  flows  is  given 
in  Appendix  III.  These  effectiveness  values  are  plotted  against  a  modified 
Reynolds  number  in  Figure  119.  Because  the  flow  areas  and  hydraulic  radii 
vary  through  the  exchanger  section,  there  are  actually  six  different  Reynolds 
numbers  for  a  given  mass  flow  rate  and  viscosity.  To  avoid  confusion,  these 
parameters  are  eliminated  from  the  Reynolds  number,  and  the  ratio  m/p  is 
used  instead.  The  viscosity,  p,  is  taken  at  the  average  flow  temperature 
(192°K).  The  value  of  m/p  for  the  actual  design  exchanger  flow  in  this  section 
is  1 . 585  x  104  cm. 

To  obtain  the  effectiveness  of  the  basic  heat  exchanger,  the  degradation 
in  effectiveness  due  to  longitudinal  conduction  in  the  cover  was  added  to  the 
measured  effectiveness.  This  is  calculated  by  the  method  given  in  Reference 
4,  p.  31.  The  upper  broken  curve  in  Figure  119  is  this  resultant  effectiveness 
The  design  effectiveness  is  also  plotted  as  the  solid  curve.  Measured  exchanger 
effectiveness  is  slightly  lower  than  the  design  value,  but  exceeds  the  system 
requirements  at  the  design  Reynolds  number. 


174 


■  v.-«wa»  »-■«* 


Figure  119.  Effectiveness  Versus  Mass  Flow  for  Section  7 
Pressure  Drop 

Pressure  loss  measurements  were  taken  with  room  temperature  gas  flow. 
The  pressure  drop  through  the  exchanger  is  simply  the  difference  between 
the  inlet  and  outlet  pressure  readings.  The  effective  Reynolds  numbers  were 
computed  by  reading  the  flowmeter  curves  and  applying  the  proper  density  and 
viscosity  correction  factors  to  obtain  the  mass  flow,  and  then  dividing  by  the 
room  temperature  viscosity  (Appendix  HI). 

For  comparison  with  the  design  values,  the  pressure  drops  for  the  test 
gases  and  conditions  were  calculated.  The  configuration  data  and  calculation 
methods  utilized  above  under  "Performance  Analysis"  were  applied  for  this 
purpose.  An  additional  factor  of  pressure  drop  through  the  outlet  tube  is 
also  applied,  because  this  is  part  of  the  measured  AP. 

Pressure  drop  versus  m//Lt  is  plotted  in  Figures  120  and  121  for  nitrogen 
and  helium  gas  flows,  respectively.  As  can  be  seen  for  the  helium  flow,  the 
correlation  between  calculated  and  measured  values  is  good  at  low  but 
the  measured  values  curve  inexplicably  upward  at  a  m/|j  of  about  0.  5  x  104. 

The  nitrogen  flow  showed  a  pressure  drop  excessive  by  a  factor  of  two  through¬ 
out  the  measured  flow  range. 

SUMMARY  AND  CONCLUSIONS 

This  heat  exchanger  system  program  has  shown  that  the  basic  requirement 
of  attaining  high  exchanger  efficiencies  in  a  small  package  size  is  definitely 


AP  (atmospheres) 


Figure  120.  Pressure  Drop  Versus  Mass  Flow  (Nitrogen  at  STP,  High- 
Pressure  Stream  of  Section  7) 


Figure  121.  Pressure  Drop  Versus  Mass  Flow  (Helium  at  70°F  and  20  Psig, 
High-Pressure  Stream  of  Section  7) 
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realizable.  Unfortunately,  mechanical  problems  associated  with  flow  mani¬ 
folding  at  low  temperatures  rendered  the  exchanger  that  was  fabricated  to 
the  original  design  unusable  in  the  system.  However,  tests  that  were  con¬ 
ducted  demonstrated  that  an  effectiveness  of  greater  than  99  percent  is  at¬ 
tainable  and  that  the  thermal  performance  calculation  methods  utilized  in 
the  design  of  this  type  of  exchanger  produce  realistic  predictions.  The  measured 
pressure  drops,  while  two  to  three  times  the  calculated  values,  are  still  ac¬ 
ceptable  from  a  system  standpoint.  The  discrepencies  between  calculated  and 
measured  AP's  are  probably  explainable  by  changes  in  the  screen  mesh  and 
passage  size  configuration,  which  may  have  occurred  during  the  fabrication 
process. 

The  exchanger  cover  utilized  in  the  final  test  program  may  have  demon¬ 
strated  a  possible  means  of  manifolding  the  exchanger  without  external  leak¬ 
age.  While  this  cover  created  an  unacceptable  effectiveness  degradation  due 
to  longitudinal  conduction,  a  practical  cover  could  be  constructed  with  ap¬ 
proximately  one -fourth  of  the  wall  thickness,  which  would  have  given  a  net 
effectiveness  of  98.9  percent  at  design  flow. 

Much  was  learned  about  the  details  of  high-performance  cryogenic  heat 
exchanger  construction  and  testing  during  this  program;  by  itself,  this  new 
knowledge  forms  a  significant  output.  The  probability  that  future  systems 
will  perform  as  designed  has  been  substantially  increased. 
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Section  5 


HEAT  REJECTION  SYSTEM 


As  described  in  the  Phase  B  final  report  (Ref.  2),  continuous  operation 
of  a  refrigerator  requires  rejection  of  heat  to  the  environment.  The  heat  re¬ 
jection  system  must  be  designed  to  operate  in  an  ambient  air  temperature  of 
120°  F  and  must  be  able  to  reject  heat  at  a  distance  of  60  feet  from  the  refrig¬ 
erator. 

The  sources  of  heat  are: 

•  Compressor  stage  aftercoolers 

•  Turboalternator  dissipative  loads 

•  Compressor  motors 

•  Power  conditioning  and  control  electrical  equipment 

Although  the  compressor  aftercoolers  and  compressor  motor  cooling 
coils  are  designed  to  pass  the  environmental  tests,  the  coolant- to- air  heat 
exchanger  and  the  coolant  pump  would  be  designed  to  operate  only  in  a  static 
laboratory  environment. 

The  heat  rejection  system  would  consist  of  a  liquid  coolant  loop  to  which 
the  heat  loads  are  connected  in  parallel.  The  coolant  would  be  pumped  through 
the  loads  and  through  a  remote  coolant- to- air  heat  exchanger,  which  is  pro¬ 
vided  with  a  fan.  Coolanol  20  was  selected  as  the  coolant.  The  requirements 
for  the  heat  rejection  system  and  the  four  compressor  aftercoolers  were  given 
in  detail  in  Appendices  XIV  and  XV,  respectively,  of  the  Phase  B  final  report. 

The  two  specifications,  Specifications  for  Cryogenic  Refrigeration  Heat 
Rejection  System  and  Specifications  for  Set  of  Four  Refrigerator  Compressor 
Aftercoolers,  were  sent  to  prospective  vendors  to  solicit  quotations.  In  re¬ 
sponse  to  these  specifications,  two  proposals  were  received  from  the  Standard- 
Thomson  Corporation.  The  first  proposal  is  for  a  set  of  four  aftercoolers 
(dated  29  December  1972).  A  technical  proposal  (dated  10  January  1973)  was 
also  received  from  the  Standard- Thomson  Corporation  for  the  heat  rejection 
system.  No  immediate  action  was  taken  on  either  one  of  these  proposals,  be¬ 
cause  it  was  apparent  that  the  immediate  component  testing  needs  did  not  re¬ 
quire  this  equipment.  Hence  consideration  for  obligating  contract  funds  to 
these  two  items  was  held  in  abeyance. 

The  proposals  received  for  the  aftercoolers  and  the  heat  rejection  system 
are  described  in  detail  in  Appendix  IV,  "Compressor  Aftercooler  Design,  " 
and  Appendix  V,  "Heat  Rejection  System  Design.  " 
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Appendbc  I 

DESIGN  PERFORMANCE  CALCULATIONS 


Appendix  I 

HEAT  EXCHANGER  DESIGN  PERFORMANCE  CALCULATIONS 


The  definitions  and  nomenclature  from  Reference  4  are  used  in  this  ap¬ 
pendix. 


Given: 

m*,  =2.855  gm/sec 

26  mesh,  0.  010- in. -wire- diameter  screen,  79-percent  void  volume 

Open  area  of  lamina  3203  -  82.  5  cm3  (high-pressure  passes) 

Section  length  7.  48  inches;  web  width  =  0.  32  centimeter:  passage 
width  =  0.  55  centimeter  high  pressure,  1.  05  centimeters  low  pressure; 

=309°K,  PaM  =  0.  656  atmosphere 


Find: 


At  =82.5  x  0.79  =  65.2  cm3 

G  =m/Af  =2.855/65.2  =4.38  x  10-3  gm/sec  cm3 

e 


dw 
:  4 


0.010  x  2.54  0.79  _  ____ 

—  *  0~21  =  °*  0239  Cm 


1  -  e  4 

H  =2.04  x  10“a  centipoise 

4  x  0.0239  x  4.  38  x  lO"3 
2.  04  x  lOr* 


Nr  =-^-^ 

R  A/ 


=  20.  6 


From  Figures  122  and  123: 
j  =0.345,  f  =3.3 


From  Reference  5,  Npr  =  0.  703 


0.  345  7.48 

'(0.  '703)2/3  X  0.0239  = 


P 


0.  656 
21  x  309 


=  101  x  10"6  gm/cm® 


AP  =4  —  i 


3.  3  (4.38  x  10-°  )3  7.48  „cnn  dynes 

=—  idi  X  i6-B  * "oT0239  =  9500-^- 


=  0.  0095  atmosphere 


Conduction  X  (\): 

koopper  =4.  25  watts /cm0  K 

A*  =  L  xhx(l  -  e)  =21.  3  x  4.  98  x  0.  215  =22.  6  cm2/web 
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„  OD-ID  ,  , 

(h  = — = —  of  passages) 


[web  width  +4  (high-pressure  pass. width  +  low  pressure  pass.  width)] 

o _ 


0.  707 


= 


[0.32  +4  (  0.  5f  +  1.05)] 
o 

=  007 

kA  4.25  x22.6  x  60 


=  0.  737  cm 


£  ihcp  0.737  x2.855  x  1.25  x4.18 


=  523 


Longitudinal  conduction  loss: 

A*  =  30  x  4.  98  x  (0.  55  +  1.  05)  =  227  cm8 

kHr  at  261° K  (from  Hef.  5)  =15  x  lO^4  watts/cm°K 


k  screen 


4.  25 
15  x 10"4 


=  2830 


From  Figure  124: 


=  1.  7,  and  kb  =  1.  7  x  15  x  10* 4  =25.  5  x  10‘4 

•^He 


watts 

cm°K 


6e  kA 
T"  Lihcp 


25.  5  x  10-4  x  227 
21.  3  x  2.  855  x  1.  25  x  4.  18 


=  0.  00165 


Figure  124.  Effective  Thermal  Conductivity  of  Packed  Bed 
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Appendix  II 

HEAT  EXCHANGER  TEST  PROCEDURE 


Appendix  II 

HEAT  EXCHANGER  TEST  PROCEDURE 


LEAKAGE  TEST 

EXTERNAL  LEAK  TEST 

This  test  was  performed  in  the  test  apparatus  shown  in  Figure  125,  prior 
to  running  the  thermal  effectiveness  test.  A  helium  leak  detector  that  can 
detect  a  minimum  leak  rate  of  1.  5  x  10"9  torr- liter /sec  was  used. 


Figure  125.  Schematic  Diagram  of  Test  System 


After  the  test  chamber  was  evacuated  to  10"*  torr  or  less,  and  the  sys¬ 
tem  was  purged  with  dry  helium,  the  leak  detector  was  connected  to  the  inside 
test  chamber  and  the  chamber  was  evacuated  further  by  means  of  the  leak  de¬ 
tector.  Any  leakage  indicated  by  the  leak  detector  was  located  and  repaired. 

STREAM- TO-STREAM  LEAK  TEST 

This  test  was  measured  in  all  sections  of  the  heat  exchanger  at  once, 
according  to  the  following  procedure: 

1.  All  ports  and  openings  of  the  heat  exchanger  are  blocked,  except 
one  return  port  and  one  supply  port. 

2.  A  helium  supply  is  connected  to  the  open  supply  port,  and  a  flow¬ 
meter  is  connected  to  the  open  return  port  (Figure  126). 


Pressure 

Gage 


Hex  • 

| 

« 

•  -- 

_  1  CR-1109 


Figure  126.  Test  Setup  for  Stream- to- Stream  Leakage 

3.  Helium  gas  at  2  psi  is  supplied  to  the  heat  exchanger,  at  room  tem¬ 
perature,  and  the  resulting  flow  rate  from  the  return  port,  which  is 
at  atmospheric  pressure,  is  monitored. 

4.  An  acceptable  leakage  level  will  be  a  mass  flow  rate  less  than  0.  1 
percent  of  the  system  flow  rate. 

THERMAL  EFFECTIVENESS 

PRELIMINARY  LEAK  TEST 

This  test  is  performed  to  check  for  leaks  through  the  outer  wall  or  through 
the  cover  of  the  heat  exchanger  (Figure  127): 

1.  Connect  a  helium  supply  to  one  supply  port  of  the  heat  exchanger  and 
to  one  return  port.  All  other  ports  and  openings  are  sealed.  A  flow¬ 
meter  is  placed  in  the  helium  supply  line,  as  shown  in  Figure  127. 
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Figure  127.  Test  Setup  for  External  Leakage  Check 

2.  Supply  helium  to  the  heat  exchanger  until  the  flowmeter  indicates  a 
zero  flow  rate. 

3.  If  a  zero  flow  rate  is  reached,  leakage  is  assumed  minimal,  and  the 
test  is  satisfactory. 

4.  If  leakage  is  indicated  by  a  nonzero  flow  rate  in  the  flowmeter,  locate 
and  repair  the  source{s).  This  test  is  then  repeated  until  a  zero 
flow  rate  is  attained. 

r 

THERMAL  EFFECTIVENESS  TEST 

1.  Connect  flow  hoses  and  thermocouples,  for  the  section  to  be  tested, 
according  to  Table  10  and  Figure  125. 


Table  10 

HOSE  AND  THERMOCOUPLE  CONNECTIONS 


Section 

mi^gm/sec) 

Hose  B 

Hose  C 

Thermocouple  1 

Thermocouple  3 

7 

2.38 

7S 

OTLT.  A 

7S 

Z 

5 

3.26 

5S 

7R.OTLT.B 

5S 

Y 

3 

4.53 

3S 

5R.OTLT.B 

3S 

X 

1 

2.50 

IS 

3R.OTLT.B 

IS 

X 

[CR-1094 


2.  Table  11  shows  the  test  flow  rates  to  be  used.  These  flow  rates  are 
the  flow  rates  prescribed  by  the  specification,  corrected  to  test  con¬ 
ditions. 

3.  Evacuate  the  test  chamber  to  10“®  torr  or  less,  before  beginning 
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Table  11 

TEST  MASS  FLOWS 


Section 

Specified 
Flow  Rate 
"Cpec <8  V  sec) 

THCK) 

TcCK) 

Tave<“K) 

^ave'^gpec 

ViscoBlty  at 
Average  Test 
Temperature 
(1 94°  K) 

Test  Flow  Rate 
m,j.(gm/sec> 

7 

2.85' 

335.0 

188.1 

261.6 

3.85x10*7 

3. 2>10'7 

2.38 

5 

2.651 

188.1 

99.22 

143.66 

2.6  xl0*7 

3. 2xl0-7 

3.26 

3 

2.405 

99.22 

54.41 

76.86 

1.7  xlO"7 

3.2xl0-7 

4.53 

1 

0.780 

54.51 

12.46 

33.49 

1.0  xl0“7 

3.2xl0-7 

2.50 

- - - • - j 

Note:  viscosity,  p,  in  lb-sec/ft 


rh 


T  - 


V 

spec 


m 


spec 


CR-  1093 


5.  Begin  the  test  with  all  flow  valves  open.  Close  the  pump  bypass 

valve  slowly,  until  sufficient  flow  is  obtained  to  begin  cooldown  (0.2 
to  0.  3  inch  of  water).  Monitor  cooldown,  and  vary  the  flow  (by 
opening  or  closing  the  pump  bypass  valve)  to  maintain  6°  to  8°F/min 
cooldown.  When  the  cold  end  reaches  about  -250° F,  switch  to  mon¬ 
itoring  the  middle  thermocoupl  and  finally  the  warm-end  thermo¬ 
couple. 


6.  If  flow  begins  to  drop  significantly  (more  than  0.  1  inch  of  water  after 
stabilization  at  a  particular  flow)  or  if  the  pressure  drop  becomes 
too  great  (more  than  2  psi  for  0.  4  inch  of  water  flow),  blockage  is 
probably  occurring  and  the  test  should  be  stopped. 


7.  When  the  warm-end  (No.  1)  thermocouple  reaches  about  -200°  F  (or 
earlier,  if  the  flowmeter  begins  to  frost),  close  the  exchanger  bypass 
valve  and  run  on  full  counterflow. 


8.  Stabilize  the  temperatures  under  full  counterflow  conditions  at  maxi¬ 
mum  flow  (i.  e.  ,  with  the  pump  bypass  valve  closed).  Attach  the 

niti  ogen  boiloff  flowmeter  to  the  dewar  and  read  the  flow  under  stable 
conditions.  (Use  a  1/2  inch- inside-diameter  tube  about  10  feet  long 
between  the  dewar  and  the  flowmeter. ) 

9.  Vary  the  flow  to  80,  90,  110,  and  120  percent  of  full  flow.  (No  re¬ 
quirement  exists  to  maintain  the  exact  percentage,  but  obtain  an  ac¬ 
curate  reading  of  the  flow).  At  each  level,  allow  temperatures  to 
stabilize  (probably  5  to  10  minutes  of  running),  and  then  take  nitrogen 
flow  readings. 

10.  Shut  down  the  system  and  warm  up  the  exchanger.  Do  not  allow  air 
to  contact  any  part  of  the  exchanger.  Maintain  helium  pressure 
(^  5  psi)  in  the  exchanger,  and  maintain  vacuum  in  the  chamber. 

Dry  nitrogen  should  be  substituted  in  the  vacuum  chamber  if  fast 
warmup  is  desired. 
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PRESSURE  DROP 


The  pressure  drop  over  the  high-pressure  and  low-pressure  streams  of 
each  of  four  sections  (Figure  128)  of  the  heat  exchanger  will  be  measured 
with  Reynolds  numbers  at  two  points  below  and  two  points  above  the  design 
Reynolds  number,  as  well  as  at  the  design  Reynolds  number. 


Figure  128.  Port  Locations  (RPX  04) 

These  tests  will  be  made  using  nitrogen  gas  flowing  at  room  temperature 
and  near  atmospheric  pressure.  As  an  example  of  the  procedure,  to  measure 
the  pressure  drop  across  the  high-pressure  stream  of  Section  7,  connect  the 
nitrogen  gas  source  with  a  pressure  gage  to  the  inlet,  connect  the  flowmeter 
and  pressure  gage  to  the  port  7S  (S  = supply;  R  =  return),  and  seal  all  other 
ports  and  openings.  Adjust  the  nitrogen  gas  flow  rate  to  the  desired  value, 
as  read  on  the  flowmeter,  and  read  the  pressure  drop  from  the  pressure  gages 
Table  12  lists  the  connections  for  each  section. 

Table  12 

PRESSURE  DROP 


Section 

Stream 

Nitrogen  and  Pressure 
Gage  No.  1  Location 

Flowmeter 
and  Pressure  Gage 
No.  2  Location 

7 

High  pressure 

Inlet 

7S 

7 

Low  pressure 

Outlet 

7R 

5 

High  pressure 

7S 

5S 

5 

Low  pressure 

7R 

5R 

3 

High  pressure 

5S 

3S 

3 

Low  pressure 

5R 

3R 

1 

High  pressure 

3S 

IS 

1 

Low  pressure 

3R 

1R 

CR-1095 
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A  similar  test  will  be  made  with  one  stream  of  one  section  using  helium 
gas  at  room  temperature  and  near  atomspheric  pressure.  The  flow  must  be 
supplied  by  the  effectiveness  test  pump  in  closed-circuit  operation.  Read 
the  pressure  drop  from  the  inlet  and  outlet  pressure  gages  and  flow  from  the 
system  flowmeter. 
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HEAT  EXCHANGER  TEST  DATA  AND  DATA  REDUCTION 

EFFECTIVENESS  DATA  REDUCTION  fTYPICAU 

Data  point  4 : 

He  flow  reading  1.60  inches  water,  p  =  9.75  psi 
N3  flow  reading  =  0.325 

Helium  mass  flow  (Figure  129) 

V  scfm  air  =  21.0  cfm 


Figure  129.  Meriam  Flowmeter  Curve 
Viscosity  correction  factor  is  0.912  for: 

=  1.98  x  10  “4  poise 
|iglr  =  1.80  x  10 poise 
V scfm  He  =  0.912  x  21.0  =  19.15 


1 


I 

v 


J 

i 
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24.55  x  144 
pH*  =  386  x  530 

=  0.0173  lb/ ft3 

19.15  x  0.0173 
*•••  =  60 

=  0.0055  lb/sec 

=  2.50  gm / sec 

T.n  =  190°K,  andMiBo  =  1.48  x  10_a  poise 

irj=1-69xl0‘ 

N0  mass  flow  -  (flowmeter  maximum  flow  =  1.30  scfm) 

o 

V  scfm  Na  =  0.325  x  1.30  =  0.422  cfm 
Pns  =  0.074  lb/ ft3 

0.422  x  0.074 

m= - to - 

=  5.21  x  10“4  lb/ sec 
=  0.236  gm/sec 


6T: 


0  —  mHo  Cp  6T  **  ^ ns 

2.50  x  1.25  x  6T  =  0.236  x  4.76 
6T  =  3. 59°K 


AT  _  217 

6  =  AT  +  6T  "  217  +3.6 


0.9838 


Effect  of  cover  conduction: 

k„  =  0.12  watts/cm°K 

A*  =  7r (29 . 2)  x  0.152  =  14.0  cm2 

i*  =  21.3  cm 


6e  _  kA 
e  ”  Im  cp 


(Ref.  4) 


0.12  x  14.0 

21.3  x  2.5  x  1.25  x  4.18 


=  0.0061 
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Therefore: 


c  D  =  0.9838  +  0.0061  =  0.9899 

PRESSURE  DROP  DATA  REDUCTION 

NITROGEN  FLOW,  TEST  2 


Data  Point  7: 

Reading  on  flowmeter  =  0.35,  p  1 -atmosphere  gage 
Maximum  flow  =  11.0  scfm 


Therefore: 

V  =  0.35  x  11.0  =  3.85  scfm 
(Assume  no  density  correction  required.) 

Pn2  =  0.074  lb/ ft3 

_  3.85  x  0.074 
m”2  "  60 

=  0.00475  lb/ sec 

=  2.16  gm/sec 

*/“  =  T7?rnr*=1-23*I0‘ 

AP  =  3.8  inches  water  =  0.933  x  10 ”3  atmosphere 
HELIUM  FLOW,  TEST  3 
Data  Point  11: 

Laminar  flowmeter  AP  =  2.50  inches  water,  PHt  =  4.65  psi 

From  Figure  129,  Valr  ■  32.7  scfm.  Correcting  for  viscosity:  Vh.  = 
32.  7  x  0.  912  *  29.  8  scfm 

_  19.35  x  144 
"  386  x  530 

=  0.0136  lb/ ft3 

mH.  =  Vp 

_  29.8  x  0.0136 
60 

=  0. 00675  lb/ sec 
=  3.07  gm/sec 
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3.07 

■  t:«  xToj 


1 . 55  x  10*  cm 


AP  =  1.45  psi  =  0.099  atmosphere 

PRESSURE  DROP  CALCULATION  AT  TEST  CONDITIONS  (TYPtCAU  - 
NITROGEN  AT  DESIGN  FLOW  ^ 

m/p  =  1.59  x  104  centimeters  (design  flow) 

p^  =  1.75  x  10-8  at  STP 

ih^  =  1.59  x  104  x  1.75  x  10"4 
-  2.78  gm/sec 


Heat  Exchanger: 


Section 


Af  (cm3)  65.2  53.2  64.5 

G  (gm/sec  cm3)  4.28  x  10~3  5.24  x  10~3  4.31  x  10”3 

r.  (centimeter)  0.0239  0.0178  0.C150 


0.0239 

23.4 


0.0178 

21.3 


0.C150 

14.8 


7.48 


7.43 


6.39 


pN2  =  1.186  x  10 "3  gm/cm3 

2.7  (4.  28  x  10~a)a  7.  48 

^  ~  2  1.  186  x  10-3  X  0.  0239 

=  654  dynes/  cm3 

=  0.654  x  10"3  atmosphere 

AP3  =  1.41  x  10 "3  atmosphere 

AP4  =  1.42  x  10  "3  atmosphere 

APt  =  (0.65  +  1.41  +  1.42)  x  10'3  =  3.48  x  10'3  atmosphere 


Outlet  Piping: 


ID  ■  1.  27  centimeters,  Af  =  =1.27  cm3 
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q‘2T 


G  =  =  2.19  gm/sec  cm2 

1  •  a  I 


_1  (2. 19)a 

“  2  1.186  y  103 

=  2.02  x  103  dynes)bma 

K  for  abrupt  contraction  is  about  0.46,  and: 

APC  =  0.46  x  2.02  x  103  x  10"3  =  0.92  x  10“3  atmosphere 

In  the  tube,  (S.  **  8  centimeters  to  pressure  tap): 

tvt  -  i  ■  27  X  2. 19  conn 


1.75  x 10 


~  =  15900 


f  =  0.0083 


(Ref.  4) 


0.0083  (2. 19)a  8 

^  "  2  1.186  x  103  X  0.32 

=  421  dynes/ cm® 

=  0.42  x  10"3  atmosphere 

AP  =  (3.48  +  0.92  +  0.42)  x  10"3  =  4,82  x  IQ"3  atmosphere 

Tables  13  through  15  list  effectiveness  test  data,  pressure  drop  test  data, 
and  effectiveness  versus  mass  flow. 

Table  13 

EFFECTIVENESS  TEST  DATA 


Helium  Flow 
Reading 
(inches  water) 


System  Nitrogen  Flow 

Pressures  (psi)*  Reading  (percent  of  F3)* 


1K10.  5 
11/10.4 
11/10.25 
11/9.75 
11.  U5  /  9,  35 


Time  at 
Flow  (minutes' 


11/8.75 

11/8.3 


Equipment:  {CR-1096 

Flowmeters  F3  Fisher  and  Porter  Klowrator  Model 

10A27356,  Tube  FP-l/  2 -2 1  -G-10/  80 
F7  Meriam  50MC2-2  and  Barton  DP  Meter 
Pressure  Gages  P29  U.S.  Gage  BU -2579 -A 

P47  U.S.  Gage  AW  2926AH01 
Vacuum  Gage  VAC3,  CVC  Type  GPH-100C 

Thermocouple  Bridge  Tl,  Leeds  and  Northrup,  Model  8093 

*Pump  Outlet/  Pump  Inlet  pressures. 

** Flowmeter  F3,  maximum  flow  1.30  scfm  air. 
tThese  readings  were  taken  at  95°  K  at  the  No.  7  supply  port. 


Pressure  Gages 
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Table  14 

PRESSURE  DROP  TEST  DATA 


Test 

Flow 

(percent  of  F4) 

Pressure  In 
(psi) 

Pressure  Out 
(psi) 

AP  (psi) 

1  (nitrogen  at  70"  F, 

0 

0 

0.5 

0* 

flowmeter  F4,  and 

50 

0.2 

0.65 

0.05 

gages  P29  and  P47) 

60 

0.4 

0,7 

0.2 

70 

0.45 

0.75 

0.2 

80 

0.55 

0.8 

0.25 

85 

0.6 

0.8 

0.3 

90 

0.8 

0.75 

0.55 

95 

0.8 

0.8 

0.5 

100 

0.9 

0.9 

0.5 

Flow 

Pressure  In 

Pressure  Out 

AP 

(percent  of  K 4 > 

(inches  water) 

(inches  water) 

(inches  water) 

2  (nitrogen  at  70“  F, 

20 

6.2 

|RM| 

1.7 

flowmeter  F4,  and 
gagues  Ml  and  M3) 

25.5 

7.3 

1  ■ 

29.5 

8.3 

2.9 

31 

7.6 

>  K9  * 

3.4 

32 

9.2 

5.7 

3.5 

33.5 

9.5 

5.9 

3.6 

35 

10.0 

6.2 

3.8 

Flow  Reading 

Pressure  In 

Pressure  Out 

(inches  water! 

(psl) 

(psi) 

3  (helium  at  70°  F, 

0 

6.60 

6,70 

o** 

flowmeter  F7,  and 
gages  PG47  and  PG29) 

0.3 

6.60 

6.65 

0.05 

0.5 

6.55 

6.55 

0.1 

0.7 

6.55 

6.50 

0.15 

0.9 

6.55 

6.40 

0.25 

1.1 

6.55 

6.25 

0.4 

1.3 

6.50 

6.05 

0.55 

1.5 

6.50 

5.90 

0.7 

1.75 

6.40 

5.65 

0.85 

2.0 

6.30 

5.35 

1.05 

2.25 

6.15 

5.00 

1.25 

2.5 

6.00 

4.65 

1.45 

3.0 

5.85 

4.05 

1.9 

3.5 

5.60 

3.25 

2.45 

Equipment: 

Flowmeters 


F4  Fisher  and  Porter  Flowrator  Model  10A27352 


Pressure  Gaged 


FP-3/4-27-G-10/80  Tube 

F7  Meriam  50MC2-2  and  Barton  DP  Meter 

P47  U.S.  Gage  BU-2570-A 

P29  U.S.  Gage  AW2026ABO1 

Ml  Dwyer,  Model  No.  400 

M3  Dwyer,  +8  to  -8  Inches  water _ 


*0.5 -psi  correction 
**0. 1  -psl  correction 


CR-  1097 
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Table  15 

EFFECTIVENESS  VERSUS  MASS  FLOW 


Helium  Flow/ 
Average  Viscosity 
(centimeter  x  10’) 

Measured 

Effectiveness, 

c' 

6e,  Cover 

Corrected 

Effectiveness, 

€n 

0.43 

0.9680 

0.0249 

0.9929 

0.86 

0.9815 

0.0121 

0.9936 

1.27 

0.9836 

0.0084 

0.9920 

1.69 

0.9838 

0.0061 

0.9899 

2.11 

0.9833 

0.0051 

0.9884 

2.53 

0.9823 

0.0043 

0.9866 

2.95 

0.9805 

0.0037 

0.9842 

3.39 

0.9801 

0.0032 

0.9833 

3.80 

0.9780 

0.0029 

0.9809 

CR-1098 
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Appendix  IV 

COMPRESSOR  AFTERCOOLER  DESIGN 


Four  aftercooler  heat  exchangers,  one  following  each  of  four  helium 
compressed  stages,  are  required  to  cool  gaseous  helium  and  transfer  the 
heat  to  Coolanol  20,  which  is  a  liquid  dielectric  heat  transfer  fluid.  Each 
aftercooler  would  be  of  flight- weight  design  and  aircraft  quality.  The  after¬ 
coolers  would  be  used  in  conjunction  with  the  heat  rejection  system,  as  shown 
schematically  in  Figure  130. 


Figure  130.  Schematic  Diagram  of  Aftercoolers  with  Heat  Rejection  System 


The  aftercooler  performance  requirements  are  given  in  Table  16.  The 
gas- side  maximum  pressure  drop  includes  both  the  headers  and  the  exchanger 
core.  In  addition,  the  design  life  of  the  heat  exchangers  was  30,  000  hours. 

The  system  must  be  designed  to  withstand  an  environment  of  ionizing 
radiation.  The  aftercooler  must  be  cleaned  so  that  no  loose  particles  greater 
than  150  microinches  are  left  on  the  inner  surfaces  and  no  vapors  from  organ¬ 
ic  materials  are  generated  when  operating  below  30tf  F.  All  surfaces  should 
also  be  cleaned  for  oxygen  service. 
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Table  16 

PERFORMANCE  REQUIREMENTS 


Characteristic 

i  After  cooler 

I 

2 

3 

4 

Hallum  Side 

Flow  (lbm/hr) 

22.  • 

22.6 

22.  6 

22.6 

Inlet  temperature  (°R) 

672.0 

679.0 

679.0 

679.0 

Inlet  temperature  (°F) 

212.0 

219.0 

219.0 

219.0 

Outlet  temperature  (°R) 

603.0 

603.  0 

603.  0 

603.0 

Outlet  temperature  (®F) 

143.  0 

143.0 

143.0 

143.0 

Design  inlet  pressure  (psia) 

5.77 

7.  5 

8.  81 

10.  87 

Maximum  pressure  drop  (psi) 

0.  065 

0.080 

0.  100 

0.122 

Maximum  service  pressure  (psia) 

30.  0 

30.  0 

30.  0 

30.0 

Coolanol  20  Side 

Flow*  (lbm/hr) 

177 

177 

177 

177 

Maximum  pressure*  (psia) 

30 

30 

30 

30 

Maximum  temperature  entering  aftercoolers  (°F) 

130 

130 

130 

130 

Pressure  drop*  (psi) 

4.  8 

4.8 

4.  8 

4.8 

"Target  values 


PBVORMANCE 


The  Standard-Thomson  Corporation  heat  exchanger  shown  in  Figure 
131  was  submitted  in  response  to  the  request  for  proposals.  These 
exchangers  were  designed  to  meet  the  performance  requirements  listed  in 
Table  16. 

The  gas-side  pressure  drop  values  for  each  aftercooler  at  design  con¬ 
ditions  are:  >. 

Aftercooler  Psi 
1  0. 104 

w  2  0.078 

3  0. 061 

4  0.  049 

To  accomplish  the  thermal  performance  required,  it  was  necessary  to  in¬ 
crease  the  Coolanol  20  flow  rate  approximately  24  percent  above  the  target 
value.  The  flow  rate  requirement  is  220  lb/hr. 

CLEANLINESS 

CONTAMINATION 

The  Standard-Thomson  Corporation  has  considerable  experience  with  the  con¬ 
tamination  requirements  of  various  heat  exchangers.  Standard-Thomson  Corpo¬ 
ration  supplies  units  that  have  been  cleaned  to  a  predetermined  level.  They  have  a 
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cleaning  facility  that  is  adaptable  to  designs  of  any  heat  exchangers.  All  of 
the  equipment  used  for  actual  analysis  is  supplied  by  the  Millipore  Corpora¬ 
tion,  the  leader  in  the -field  of  contamination  detection  and  analysis.  The 
actual  procedures  used  are  patterned  after  the  procedures  outlined  in  ARP598A. 

Based  on  lengthy  experience,  the  Standard-Thomson  Corporation  feels 
that  a  more  realistic  contamination  level  would  be  to  allow  particles  up  to  250 
microinches  and  fibers  up  to  500  microinches.  In  addition,  they  would  limit 
the  number  of  fibers  to  a  maximum  of  five  in  a  fluid  sample  of  100-milliliters 
volume.  The  lower  level  of  150  microinches  would  be  left  open  as  a  de¬ 
sign  goal.  This  requested  level  will  keep  costs  in  a  practical  range, 
whereas  the  level  requested  would  require  unrealistic  control  throughout 
the  manufacturing  cycle. 

Based  on  experience,  it  is  entirely  possible  to  obtain  a  clean  unit  within 
specification  limits,  but  remain  unable  to  affirm  the  results.  The  Standard- 
Thomson  Corporation  would  submit  a  cleaning  procedure  that  would  be  mutually 
satisfactory. 

OXYGEN  SERVICE 


The  additional  requirement  that  all  surfaces  be  cleaned  for  oxygen  ser¬ 
vice  would  add  some  complications  to  this  unit.  The  Standard-Thomson  Corpo¬ 
ration  has  prior  experience  cleaning  items  for  this  class  of  service  and  is 
aware  of  the  overall  handling  problems. 

The  Standard-Thomson  Corporation  is  presently  using  oil  conforming  to 
MIL- H- 6083  and  VARSOL,  an  industrial- grade  solvent,  for  flushing.  The 
Standard-Thomson  Corporation  has  found  these  fluids  to  be  effective  for  most 
heat  exchanger  designs  where  control  of  particulate  matter  is  of  concern. 

For  oxygen  cleaning,  the  vapor  of  trichloroethylene  followed  by  drying  in  an 
oven  at  250°F  has  been  used.  If  cleaning  for  this  service  is  determined  to  be 
required,  the  Standard-Thomson  Corporation  is  certain  that  a  technique  can 
be  worked  out  to  produce  the  desired  results.  A  procedure  for  approval 
would  be  submitted. 

STRUCTURAL  CONSPERATPNS 


The  Standard-Thomson  plate- fin  heat  exchangers  provide  a  relatively 
stiff  structure  that  has  proved  quite  reliable  with  respect  to  acceleration 
loadings  and  vibration.  Ultimately,  the  structural  integrity  would  depend  on 
the  type  of  mounting  provided  for  the  heat  exchanger.  A  structural  analysis 
would  be  performed  when  the  mounting  was  determined.  Based  on  size, 
weight,  and  geometry,  no  foreseeable  areas  of  structural  concern  exist. 
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Appendix  V 

HEAT  REJECTION  SYSTEM  DESIGN 

The  detailed  design  requirements  for  the  heat  rejection  system  listed  in 
Appendix  XIV  of  the  Phase  B  final  report  (Ref.  2)  are  summarized  in  the  fol¬ 
lowing  paragraphs  of  this  appendix. 

A  heat  rejection  system  is  required  to  transfer  heat  from  Coolanol  20  to 
outside  ambient  air.  The  system  must  be  completely  self-contained,  except 
electrical  power  will  be  available  to  the  heat  rejection  system.  The  system 
will  be  designed  for  ground-based  operation  with  an  unattended  life  goal  of 
5000  hours  of  continuous  operation. 

The  heat  rejection  system  will  be  designed  to  cool  the  heat  loads  from  a 
cryogenic  refrigeration  system.  These  heat  loads  consist  of: 

•  Four  compressor  after  coolers 

•  Power  conditioner- controller 

•  Turboalter:iator  loads 

•  Compressor  motors 

THERMAL  PERFORMANCE  AND  PRESSURE  DROP  REQUIREMENTS 

The  design  performance  requirements  are: 

•  Ambient  air  side 

Maximum  temperature:  120° F 
Minimum  temperature:  -30°F 
Maximum  altitude:  1000  feet 

•  Liquid  Coolanol  20  side 

Design  point  and  maximum  temperature:  130° F 
Design  point  and  maximum  cooling  load:  4000  watts 
Flow  rate,  minimum:  3.4  gpm 
Maximum  heat  loads  pressure  drop:  5.  0  psi 

Properties  of  Coolanol  20  are  given  in  Table  17. 

DESIGN  AND  CONSTRUCTION 

The  heat  rejection  system  should  provide  trouble-free,  unattended,  con¬ 
tinuous  operation  without  leaks  over  a  period  of  at  least  5000  hours.  Hence, 
the  components  incorporated  into  the  system  should  have  had  a  reasonable 
history  of  satisfactory  performance  under  similar  operating  conditions. 
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Table  17 

COOLANOL  20  SPECIFICATIONS 
(From  Monsanto  Technical  Bulletin  O/FF-25) 


Property 
Monsanto  Specifications 

Appearance 
Fla  ah  point 
Fire  point 
Moisture 

Neutralisation  number 
Specific  gravity  at  35/25°C 
Viscosity 
at  210°F 
at  10n*F 

Dielectric  strength  0. 1  in.  gap  at  25V 
Refractive  index  at  25*C 

Typical  Physical  Propertiee 

Appearance 
Pour  point 

floiUng  point  (760  mm  Hf) 

Vapor  preaaure,  mm  Hg  300 'F  (149V) 
Average  loefflcient  of  thermal  expansion 
-60"  to  300*F 
-51' to  149°C 

Kinematic  viscosity  -85*F  (-54*  L*) 

100UF  (38*0 
210  ‘F  (flflV) 

Specific  gravity  (25725V)  <777  7  7°F) 
Density  77 F  f25°C) 

AIT 

FUeh  point 
Fire  point 

Refra<tive  index,  n* 

Specific  heat  10<f F WC) 

Thermal  conductivity  100V  <30°C) 

Acid  number 
Surface  tension  at  25°C 
F -aiming  (A STM  D892) 

Typical  Electrical  Properties 

Die  lei  trie  strength  (60  Hi,  0. 1  to.,  *7“F) 
Dielectric  constant  at  77*F 


Spe»  iflration 


Clear,  bght-am^  i  liquid 

230"F  min 

240V  min 

0.  03 mt  max 

0,  20  max  (acid) 

0.  884  to  0.  890 


0.  88  to  0.  66  cs 
1.  00  to  2.  10  cs 

35  kv  mm 
1.  408  to  1.  410 


Clear,  light-ember  liquid 
Below  -1001  (-73V) 

Above  4 50° F  <2327  )(with  decomposition) 

38 


0.  0005 5/°F 
(0.  001/7  ) 

43  centl stokes 
2.  00 
0.  92 
0.  88  4 

7.  35  lb/ gal  (IJ.S.  >  0.  R84  grama/ml 

5S0JF  (288V) 

240°F  (1 16°<  t 
260“F  (127*0 
1.  4075 

0.  47  Btu/lb/°F(or  cal/g/7  > 

0.  06  7  Btu-ft/hr  ft*  K 
0.  08  mgKOH/gin 
22.  6  Dynss/cm 
None 


40  kv 
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Special  consideration  should  be  given  to  a  motor  driven  pump,  to  have  no 
dynamic  seal  that  may  leak  outside  the  system.  Redundant  components  are 
allowable,  to  meet  the  5000- hour  life  goal. 

The  heat  rejection  system  should  consist  of  components,  including  the 
controls  and  instrumentation  panel,  mounted  permanently  on  a  skid.  Provi¬ 
sions  are  necessary  for  the  skid  to  be  moved  with  an  overhead  crane. 

The  heat  rejection  system  will  be  located  outdoors,  at  a  distance  up  to 
60  feet  from  the  refrigerator  heat  loads.  The  heat  rejection  system  must  be 
capable  of  providing  the  pressure  necessary  to  operate  at  this  distance  from 
the  refrigerator  heat  loads. 

Any  painting  and/or  covering  for  weather  protection  will  be  integral  with 
the  heat  rejection  system. 

Fluid  loop  cleanliness  requirements  must  be  suitable  to  satisfy  the  indi¬ 
vidual  heat  rejection  system  component  requirements.  In  addition,  the  largest 
particle  size  allowed  to  be  transmitted  to  the  heat  loads  shall  be  no  larger  than 
0.  001  inch  in  the  greatest  dimension. 

The  Coolanol  loop  must  be  a  closed  system  with  a  reservoir,  fill  valving, 
and  provisions  for  thermal  expansion  of  the  Coolanol.  Minimum  pressure 
for  the  system  must  be  above  1  atmosphere,  so  that  any  potential  leaks  will 
be  outward.  The  power  supply  available  will  be  60- cycle,  460- volt,  3- phase 
power  and/or  120/240  single- phase  power. 

The  heat  rejection  system  will  consist  of  the  following  principal  components: 

•  Motor  driven  pump  to  circulate  the  Coolanol  20 

•  Motor  driven  fan  to  circulate  the  ambient  air 

•  Heat  exchanger  to  transfer  heat  from  the  Coolanol  to  the  ambient 
air 

•  Reservoir  for  the  Coolanol  20 

•  Expansion  chamber  for  the  Coolanol  20 

•  Valving,  ducting,  tubing,  and  fittings,  as  required 

•  Automatic  control  valves  with  sensors 

•  Manual  control  valves 

•  Filter  for  Coolanol  20 

CONTROLS  AND  INSTRUMENTATION 

Both  adjustable  automatic  and  manual  controls  will  be  incorporated  into 
the  heat  rejection  system.  Automatic,  adjustable  controls  for  the  cooled 
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Figure  132.  Heat  Rejection  System 
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Coolanol  20  shall  maintain  the  output  temperature  and  heat  load  pressure 
drop  to  within  ±5°F  and  ±2  psi. 

Instrumentation  will  be  used  to  monitor  critical  and  functional  stations  in 
the  heat  rejection  system.  All  controls  and  instrumentation  will  be  mounted 
on  a  single  panel,  which  in  turn  wLl  be  mounted  on  the  skid. 

In  response  to  tho  request  for  quotations  sent  out  (based  on  the  require¬ 
ments  noted  above),  -he  Standard -Thomson  Corporation  responded  by  sub¬ 
mitting  the  hrat  rejection  system  shown  in  Figure  132. 

The  Standard -Thomson  Corporation  5D905  heat  rejection  system  is  de¬ 
signed  to  remove  13,  640  Btu/hr  (4000  watts)  from  Coolanol  20  at  a  minimum 
flow  rate  of  3.  5  gal/min.  The  outlet  fluid  temperature  would  be  automatically 
maintained  at  125  ±5°F,  once  the  system  reached  the  125°F  operating  tem¬ 
perature.  All  components  for  this  system  were  selected  on  the  basis  of 
high- reliability  and  no- maintenance  criteria.  To  minimize  the  number  of 
connections  and  possible  leaks,  the  temperature  regulating  valve  would  be 
fabricated  as  part  of  the  heat  exchanger  manifold,  and  the  reservoir  and  ac¬ 
cumulator  would  be  combined  in  one  package. 

SYSTEM  OPERATION 

Coolanol  20  is  pumped  from  the  reservoir  through  the  air-cooled  heat 
exchanger  by  means  of  a  magnetically  coupled  centrifugal  pump.  A  Standard 
Thomson  Corporation  three- port  mixing  valve  is  incorporated  into  the  heat 
exchanger  manifold  and  serves  to  regulate  the  outlet  temperature.  The 
Coolanol  20  then  passes  through  a  10-micron  filter  and  out  to  the  aftercoolers. 
The  return  flow  from  the  heat  loads  passes  through  a  flowmeter  before  re¬ 
turning  to  the  reservoir.  Figure  133  shows  system  operation.  The  electri- 


Figure  133.  Schematic  Diagram  of  System  Operation 
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cal  power  requirements  would  be:  60  cycles,  115  volts,  single  phase.  The 
pump  and  fan  would  be  fused  separately,  and  one  off- on  switch  with  an  indi¬ 
cator  light  would  b?  mounted  on  the  instrument  panel.  A  weatherproof,  115- 
volt  receptacle  would  be  provided  at  the  rear  of  the  cabinet. 

SYSTEM  COMPONENTS 


The  reservoir  used  in  this  system  is  a  Standard -Thomson  Corporation 
designed  accumulator;  it  has  a  capacity  of  50  in. 3  and  incorporates  a  rolling 
diaphragm  to  provide  a  nearly  frictionless  seal.  The  rolling  diaphragm  is 
compatible  with  the  Coolanol  20  and  temperature  requirements.  The  Bello- 
fram  Corporation  estimates  the  cycle  life  of  a  similar  diaphragm  to  be  20  x  10® 
cycles.  The  accumulator  is  equipped  with  a  pressure  relief  valve  and  a 
Schraeder  fill  port. 

The  pump  used  in  the  heat  rejection  system  is  a  magnetically  coupled 
centrifugal  pump.  The  pump  body  and  impeller  are  made  of  316  stainless 
steel  and  feature  Teflon  static  seals.  The  pump  is  rated  for  continuous  duty, 
with  a  guaranteed  minimum  life  of  8000  hours.  Micro- Pump,  Inc.  has  been 
conducting  life  tests  on  this  pump,  as  well  as  other  model  pumps,  and  feels 
that  this  8 000- hour  continuous  duty  figure  is  conservative.  The  cooler  used 
here  is  a  plate-fin  heat  exchanger  manufactured  by  the  Standard -Thomson 
Corporation. 

This  type  of  construction  has  proved  to  be  extremely  reliable  in  vibration 
and  high  g-load  environments.  The  fan  coupled  to  the  heat  exchanger  is  a  Joy 
series  66  axivane  fan. 

The  fan  features  prelubricated  sealed  bearings  and  motor  and  is  designed 
for  no  less  than  a  50,  000- hour  average  life.  The  motor  windings  and  lubrica¬ 
tion  are  capable  of  operation  within  ambient  temperatures  of  -30°  to  +  135°F. 
The  Standard -Thomson  Corporation  three- port  mixing  valve  is  a  proportioning- 
type  temperature  regulating  valve.  In  operation,  this  valve  opens  and  closes 
the  hot  and  cold  inlets  in  proportion  to  the  outlet  temperature.  Because  of  its 
simple  design,  it  is  very  reliable  and  requires  no  adjustment.  This  basic 
mixing  valve  is  used  on  other  systems,  including  General  Electric  fuel  cells, 
and  has  exhibited  good  results  in  providing  the  temperature  regulation  for 
which  it  was  designed. 

INSTRUMENTATION 


All  instrumentation  would  be  conveniently  mounted  on  the  front  panel. 
Following  are  the  specific  gages  and  instruments  selected: 

•  Three  Marsh  4- 1/2- inch-diameter  pressure  gages,  0  to  30  psi 
±1.  0  percent 

•  One  Marsh  temperature  indicator,  30°  to  220°  F,  3- 1/2- inch-diameter 

•  One  Dwyer  flowmeter,  0  to  8  gpm 
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The  Standard -Thomson  Corporation  has  a  test  facility  capable  of  performing 
the  required  testing  directly.  This  direct  approach  is  preferred  over  the 
method  of  extrapolating  room  temperature  test  results.  This  procedure  would 
eliminate  any  errors  in  extrapolation  and  minimize  variations  in  fluid  prop¬ 
erties  versus  temperature  data. 
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